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ABSTRACT 
Ovine Y-chromosomal DNA was recovered from a recombinant 
phage library containing ram genomic DNA inserts, by screening with a 
cattle Y-chromosomal DNA probe that had been isolated in this laboratory 
(Matthews & Reed, in preparation). Initial characterisation of the 
isolated inserts was by restriction enzyme mapping, hybridisations with 
cattle Y-chromosomal repeats, and hybridisations of the recombinant 
phage DNA to Southern blots of male and female sheep genomic DNA 
digests. In view · of interest in understanding the function of the 
mammalian Y chromosome, regions that may be transcribed were 
identified by hybridisations with labelled cDNA synthesised from foetal 
bull testis poly(A+)RNA. Hybridising subclones of ovine Y-specific DNA 
to Southern blots of digests of male and female genomic D-NA from 
ruminant species representing six Sub-Families demonstrated their 
association with the Y chromosome in all these species. Revealed from 
all of these hybridisation studies are two families, OYl and OYl 1, of 
moderately repetitive sequences that together may comprise a large 
proportion of the ovine Y chromosome. 
The short range molecular structure of these repetitive elements, 
revealed by comparative DNA base sequencing, gave a better 
understanding of their possible origin and evolution. The OYl family 
represents a cluster of Y-specific DNA sequences totalling as much as 
14 kbp in length, some of which is internally repeated. The OYll family, 
up to 6 kbp in length, is based on an integrated processed pseudogene 
whose sequence is conserved as near single copy in male and female 
eutherians. These two repetitive families are associated closely with each 
other; interspersed within and between them were found non-Y-specific 
STh"Es and simple repetitive sequences. 
A tandem arrangement of these sequences within the ovine Y 
chromosome was proposed, based on the above subclone hybridisation 
studies and on long range mapping using pulsed field gel electrophoresis. 
The tandem organisation consists of approximately 20 kbp units 
containing the OYl and OYll families. Higher-order repetitive units up 
to several hundred kbp were identified by hybridisation to Sfi I digests of 
male sheep DNA. 
These studies of the molecular structure of the ovine Y 
chromosome provided the opportunity to discuss the variety of processes 
involved in mammalian genomic turnover. These processes were 
invoked to explain the evolution of the Y chromosome through the 
ruminant lineage. It is proposed that two major events occurred which 
influenced the present day organisation of the ovine Y chromosome. 
These were the integration of a processed Y-chromosomal gene sequence 
in an ancestral bovid and the ·replication of a large and complex repetitive 
unit containing the OYl and OYll sequences. 
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1 GENERAL INTRODUCTION 
This introduction is divided into two major parts, interrelated by 
the broad perspective of genome organisation. The first part is concerned 
with the mammalian genome, which is a highly complex system 
characterised by a large proportion of repetitive DNA. The complexity is 
compounded by continual changes in genome structure, most likely due 
the presence of the organisation. of the repetitive DNA within the genome. 
The second part is devoted to one specialised component of the 
mammalian genome, the Y chromosome. There is strong interest in the 
mammalian Y chromosome because of its role in testis determination. 
In addition the mammalian Y chromosome has undergone and is 
continuing to undergo rapid change. In the final section of the 
introduction, reasons for choosing to study the ovine Y chromosome and 
the objectives of this project will be given. 
1.1 The Complex and Changing Mammalian Genome 
1.1.1 The C-Value Paradox 
Originally it was thought that the greater complexity of higher 
eukaryotes was due to these highly developed organisms requiring many 
more developmental circuits and consequently much greater DNA 
contents. This was dispelled when it was found that the relationship 
between genome size in an organism and its developmental complexity 
was not consistent (e.g. Mizuno & Macgregor, 1974). This inconsistency 
is known as the C-value paradox. The application of molecular studies 
has provided two major discoveries which have helped to resolve this 
paradox for mammalian genomes. These are the existence of repetitive 
elements (Britten & Kohne, 1968) and of intrans (Breathnach et al., 1977; 
Jeffreys & Flavell, 1977). However, only the repetitive elements will be 
discussed in this introduction as these would be expected to be of major 
importance in the evolution of the Y chromosome. This is because there 
are probably few genes on the Y chromosome (Goodfellow et al., 1985). 
Hence intrans are likely to have little structural significance on the Y 
chromosome. 
1.1.2 Repetitive Elements 
The existence of repetitive DNA was originally inferred from 
reassociation studies (Britten & Kohne, 1968) and assigned to three 
classes: highly repetitive DNA (HRDNA; >106 copies), moderately 
repetitive DNA (MRDNA; 103 - 105 copies), and low repeated DNA 
( <102 copies). Repetitive sequences vary in their size and distribution 
throughout the genome. The different forms include highly repetitive 
simple sequences present in tandem arrays and often called satellites 
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(reviewed by Miklos, 1985; Singer, 1982a), moderately repetitive short and 
long interspersed elements (reviewed by Deininger & Daniels, 1986; 
Jelinek & Schmid, 1982; Schmid & Shen, 1985; Singer, 1982a), mobile 
elements (reviewed by Finnegan, 1985; Temin, 1980; Varmus, 1982), low 
repeated multigene families (cited in Dover, 1986) and processed 
pseudogenes (Wagner, 1986). In all of these classes the nucleotide identity 
between each of the repeating units is often imper fect and the repeated 
units can be in the same orientation (direct repeats) or in the reverse and 
complementary orientation (inverted repeats). Since t hese repetitive 
elements have been extensively reviewed the follo wing sections will 
describe briefly the structure, distribution and significance of these 
elements in relation to genome organisation in mammals. 
1.1.2.1 Highly Repetitive DNA 
HRDNA consists of relatively short repeating units, the proportion 
of the genome occupied by different species these ranging fr om a few 
percent to 50% (Singer, 1982a). These simple sequences tend to be 
arranged as tandem arrays (Singer, 1982a) which are often identified by 
CsCl density analysis or restriction enzyme digests of genomic DNA as 
satellites. The basic repeating unit, or monomer register, also forms 
higher-order repetitive units as these tandem arrays in corporate 
restriction enzyme polymorphisms. Thus satellite organisation can be 
considered in terms of a hierarchical order of repetitive units. The large 
scale multimeric repetitive units show less divergence than the internal 
monomer repetitive units because they are of more recent origin. The 
most recent hierarchical repetitive units are identified by the long range 
periodicity of restriction enzyme digests of genomic DNA. For example, 
four hierarchical stages have been predicted for the mouse sa tellite II 
sequence, culminating in a present day EcoR II repetitive unit of 
220 - 260 bp (Southern, 1975). More recently Willard & Waye (1987) 
illustrate three types of hierarchical structure for the human alpha 
satellite sequences. 
These tandem arrays tend to have centromeric and telomeric 
locations and occupy the bulk of the heterochromatin (Singer, 1982a). 
Therefore much attention has been given to HRDNA in r elation to 
chromosome organisation. Recently, HRDNA has been postulated to have 
a role in chromosomal pairing and recombination (Chandley & Mitchell, 
1988) as these authors observed labelling of the autosomal chiasmata and 
the pseudoautosomal region of the sex chromosomes with the 
minisatellite sequence A.33.15 (Jeffreys et al., 1985) as the probe. The 16 bp 
core region shared by repeating units of this probe is similar to the chi 
recombination sequence in E. coli (Jeffreys et al. , 1985). HRDNA has also 
been implicated as attachment sites in the nuclear matrix (Jarman & 
Higgs, 1988; Neuer-Nitsche et al., 1988), the likely purpose of this being as 
yet unknown. 
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1.1.2.2 Moderately Repetitive DNA 
Most of the MRDNA is represented by retroposons which arise by 
the reverse-transcription of RNA intermediates, followed by insertion into 
_ the genome (Rogers, 1985). Retroposons therefore occur interspersed 
amongst unique sequence DNA. Two superfamilies of retroposons are 
viral and non-viral (reviewed by Weiner et al., 1986). Non-viral 
retroposons are sub-divided further into those derived from RN A 
polymerase II transcripts (e.g. processed pseudogenes and LINEs), those 
from RNA polymerase III transcripts (e.g. SINEs) and those from 
transcripts whose RNA polymerase source is unknown (e.g. artc repeats) 
(Weiner et al., 1986). The integration of these retroposons generate 
7 - 21 bp target site duplications (Rogers, 1985; Weiner et al., 1986). Viral 
retroposons include retroviruses and transposable elements. As 
described by Weiner et al. (1986) these are distinguished from non-viral 
retroposons in that they may be bounded by long terminal repeats (LTRs) 
and may encode reverse transcriptase. They transpose via RNA 
polymerase II intermediates; upon insertion 4 - 6 bp target site 
duplications are generated. The major types of mammalian retroposons 
are discussed below. 
SINEs 
SINEs, as defined by Singer (1982b) and Weiner et al. (1986), are 
families of short (70 - 300 bp) sequences dispersed throughout the genome. 
SINEs may exist either as monomer units or tandem head to tail dimers 
linked by characteristic sequences. Both of these structures include a 3' 
A-rich tail. The exceptions are the artiodactyl arta and artc repeats which 
end with the short tandem sequence of (AGC)n (Watanabe et al., 1982). 
Many of the mammalian SINE families may have origins as tRNA 
pseudogenes (Daniels & Deininger, 1985) and hence are derived from 
RNA polymerase III transcripts. The best described ·sINE was first 
detected in the human genome during renaturation studies as a sequence 
of approx. 300 bp. This was found to be cleaved by Alu I into 170 and 120 bp 
fragments (Houck et al., 1979); hence this and related sequences became 
known as the Alu family. Some of the 300 bp repeats were also found by 
these authors to be inverted with respect to each other, which shows that 
the Alu elements can be inserted in either orientation. 
The human Alu repeats exist as a dimer of 130 bp units 
homologous to 7SL RNA (Ullu & Tschudi, 1984), with a 31 bp insertion in 
the second monomer unit (Jelinek & Schmid, 1982). This duplication of 
the monomer is believed to have occurred early in the primate lineage as 
the dimeric form is present, though not dominant, in the prosimians 
(Daniels & Deininger, 1985). However only monomeric forms are found in 
the rodents, e.g. the rat identifier sequence and the mouse B 1 sequence 
(Jelinek 8?, Schmid, 1982). 
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The successful accumulation of SINEs, to the extent that the Alu 
family may account for 3 - 6% of the human genome (Jelinek & Schmid, 
1982), has been attributed to their structural features as described by 
Daniels & Deininger (1985). These are an internal RNA polymerase III 
promoter allowing transposed sequences to be actively transcribed, a 3' 
oligo-dA end to allow self-priming for reverse transcription, and the 
deletion of parent gene sequences, in particular secondary structures, so 
that reverse transcription may be more efficient. However, only a few of 
the more than 100,000 copies of the Alu repeats may be transcribed 
compared with the efficient transcription of the four known 7SL RNA 
genes. It is known that additional upstream genomic sequences are 
required for the efficient transcription of 7SL genes (ffilu & Weiner, 1985). 
Deininger & Daniels (1986) have proposed a model in which only a few 
actively transcribed progenitor sequences contribute to RNA 
intermediates. 
Alu sequences, like active genes, are concentrated in early 
replicating chromosomal R bands (Korenberg & Rykowski, 1988). Their 
location within these regions are confined to intron and intergenic 
sequences because any insertions into an exon would be detrimental to the 
function of that gene. However even in these locations homologous 
pairing between Alu sequences, in particular clusters of Alu sequences, 
has been implicated in chromosomal rearrangements (Calabretta et al., 
1982). Such events have been blamed for disrupting human globin gene 
clusters (Henthorn et al., 1986; Nicholls et al., 1987) and the low density 
lipoprotein receptor gene (Lehrman et al., 1987). The latter authors have 
proposed a model of protein evolution which indicates sequence 
duplication generated by homologous recombination between repetitive 
DNA. 
LINEs 
LINEs were initially called the Kpn family in primates and the 
BamH I family in rodents (Fanning, 1983). Eventually their structural 
similarities were recognised and they have been classed together as the 
Ll family (Voliva et al., 1983). Their features have been reviewed by 
Fanning & Singer (1987a). Briefly, their main structural features are that 
Ll sequences may be up to 8 kbp in length, contain two open reading 
frames (ORFs) and have a 3' A-rich end. At least 95% of the Ll sequences 
are truncated randomly at the 5' end. The ORFs are thought to code for 
proteins similar to the gag and reverse transcriptase proteins of 
retroviruses (Fanning & Singer, 1987b; Finnegan, 1989). The 5' 
truncation is thought to be a consequence of incomplete copying of RNA 
intermediates by reverse transcriptase (Scott et al., 1987). 
Although Ll sequences have characteristics of retroposons, few of 
their full length transcripts have been found in somatic cells (Fanning & 
Singer, 1987a). The transcription of Ll sequences is believed to be via 
RNA polymerase II, but RNA polymerase II promoter sequences have not 
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been found in their vicinity. Probably all the clones sequenced so far have 
been processed so that regulatory strings lying in the 5' non-coding region 
have been lost; it is possible also that full length copies have not yet been 
identified. 
The distribution of Ll sequences in the genome is shown to be 
opposite to that of Alu repeats in that Ll sequences are predominant in 
late replicating G/Q bands which contain few genes (Korenberg & 
Rykowski, 1988). These regions, devoid of coding sequences, probably 
have a higher tolerance of insertion sequences that are longer and more 
complex. On the other hand two cases of haemophilia A have been 
attributed to the transposition of Ll sequences into an exon of the human 
factor VIII gene (Kazazian et al., 1988). These authors suggest the 
insertion of a Ll sequence occurred during division of the mother's germ 
cells or during early embryonic development as the sequence was not 
present in the factor VIII genes of the patients' mother. This is 
interesting in relation to the suggestion by Scott et al. ( 1987) that in the 
long periods that separate meiosis and fertilisation, the DNA of ova is 
accessible to invasion by insertion sequences. The occurrence of 
chromosomal rearrangements in ova is well known to increase with 
maternal age (Chandley, 1988). 
Retroviruses and Transposable Elements 
Retroviruses, which have been found in many mammalian 
genomes, transpose into the genome via an RNA intermediate 
(Benveniste, 1985). The structure of integrated retroviruses consists of at 
least three essential genes (gag, pol, env) flanked by long terminal repeats 
(LTRs). The components of LTRs (reviewed by Varmus, 1982), are 
believed to be essential for the initiation of reverse transcription and 
integration. Hence retroviruses, in the absence of any direct functional 
role (Cohen & Larsson, 1988), have the ability to duplicate and spread 
throughout the genome. 
Retroviruses are distinguished by whether their template origin is 
exogenous or endogenous to the particular genome. Exogenous (or 
infectious) retroviruses are present only in infected animals as a few 
copies per cell. Since these do not integrate into the germline they are 
transmitted horizontally amongst individuals and have the ability to 
infect all cells (Benveniste, 1985). Hence exogenous retroviruses cause a 
variety of mammalian disorders (cited in Brown et al., 1989). 
Alternatively, exogenous retroviruses can carry additional genetic 
material derived from a host genome which may be detrimental (e.g. 
tumours caused by the transcriptional activation of genes regulating 
growth (Ymer et al., 1985)) or could, in the long term, become useful for 
the host genome if a viable integration event occurs. As suggested by 
Cohen & Larsson (1988) the latter possibility may result in changes to 
important cellular processes to accommodate retroviral gene products. 
Endogenous retroviruses, having become integrated into the host genome, 
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are transmitted vertically (genetically) and have evolved rapidly 
(Benveniste, 1985), probably due to low host tolerance of such sequences. 
Endogenous retroviruses may also contribute to chromosomal 
rearrangements which may or may not have a significant effect on the 
host. 
Transposable elements have not been readily detected in 
mammalian genomes, barring the classification of Ll sequences as 
transposable elements (reviewed by Finnegan, 1985; 1989). The better 
known copia-like elements are restricted to invertebrates. Thus the 
significance of transposable elements to mammalian genomes is not 
known. However their effects on the genome may be related to 
retroviruses as transposon-like human elements (Paulson et al., 1985) 
share structural similarities to retroviruses in that they are flanked by 
LTRs, but show no homology to retroviral coding regions. 
1.1.2.3 Multigene Families and Processed Pseudogenes 
Numerous multigene families exist in eukaryotes which may 
encompass many structural proteins, functionally important RNAs and 
regulatory sequences (Dover, 1986). Multigene families may exist as 
clusters of gene sequences (e.g. the globin gene clusters as summarised 
by Watson et al., 1987) or as tandemly repeated units (e.g. the rDNA genes 
(Gerbi, 1985)). As illustrated by the globin gene clusters, some of the 
coding regions have remained functional while others have mutated to be 
expressed at different stages of development or to be not expressed at all 
(i.e. pseudogenes). 
Processed pseudogenes are reinserted DNA copies of processed 
mRNA transcripts from functional gene coding regions. Their main 
features (reviewed by Vanin, 1984) are the lack of intrans, the lack of 
upstream promoter sequences, a short (11 - 38 bp) poly(A) tract, and are 
flanked by short direct repeats generated during the process of 
· integration. Several copies of processed gene sequences have been known 
to be transposed at different times from the one progenitor sequence 
(Gwo-Shu et al., 1983). It has also been suggested that processed 
pseudogenes may still be capable of expression, as was demonstrated for 
testisspecific phosphoglycerate kinase (McCarrey & Thomas, 1987). 
Wagner (1986) correlated processed pseudogenes firstly, with their 
likely origins from housekeeping and early developmental genes, and 
secondly, with the distribution of endogenous retroviruses in mammalian 
genomes. This was deduced from their insertion in the germ line and the 
lack of discovery of processed pseudogenes corresponding to genes 
expressed only in specific tissues. The association with retroviruses may 
relate to the requirement for reverse transcription of the processed 
message before integration into the genome. 
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1.1.2.4 Maintenance of Repetitive DNA 
There are three possible reasons for the maintenance of repetitive 
DNA in mammalian genomes. Firstly, that they have a functional role 
such in chromosomal organisation (as described earlier for HRDN A) or 
in regulating gene transcription (Jelinek & Schmid, 1982). This latter 
suggestion may arise as an indirect effect of regulatory sequences 
inserting near genes. The second possibility ~s that the processes of 
duplication and transposition may cause chromosomal rearrangements 
that can be enacted upon by natural selection. Little evidence has been 
presented to substantiate these first two options in mammalian genomes . 
A third possibility, the idea that repetitive DNA may accumulate without 
any benefit to the host genome, has gained strength as more information 
on the structure and sequence of repetitive elements has became known. 
This was given prominence by Doolittle & Sapienza (1980) and Orgel & 
Crick (1980). Thus many types of repetitive DNA sequences have been 
labelled as selfish or ignorant. The basis of this being that the only direct 
selection pressure on the DNA is on its ability to remain in the genome. 
Since retroposons appear to have their own duplicative and 
integrative ability and their accumulation has no apparent effect on host 
survival, they can be considered as true selfish DNA elements. HRDNA 
on the other hand may be called ignorant DNA as these sequences appear 
to be unable to control their copy number (Dover, 1986). The mechanisms 
by ,vhich repetitive structures have been maintained are described in the 
following section. 
1.1.3 Concerted Evolution and Genomic Flux 
Once molecular studies became prevalent, it was realised that 
many types of repetitive DNA elements do not evolve independently 
(Dover, 1982). Instead repetitive families were found to show a greater 
sequence conservation of repeating uni ts within a species than between 
species, which can apply to tandemly repeated and interspersed families 
ranging in size from two to > 106 members. This pattern of within species 
homogeneity, known as concerted evolution, would be impossible if each 
repetitive unit was allowed to evolve independently. For example, 1010 
generations was estimated to be required for the evolution of Alu repeats 
from a common ancestor if only neutral drift was involved (Brookfield, 
1986). 
Another feature of mammalian genomes is that they undergo 
continuous successions of changes called the genomic flux (Dover, 1982; 
John & Miklos, 1988). This concept of inherent turnover refers to the 
many abuses that DNA may be subjected to by a variety of cellular 
processes. These may occur within chromosomes (i.e. between sister 
chromatids) or between homologous and non-homologous chromosomes; 
the important mechanisms involved include transposition, unequal 
exchange, conversion and slippage (Dover, 1982; Dover & Tautz, 1986; 
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John & Miklos, 1988). The process by which these mechanisms induce a 
pattern of concerted evolution is called molecular drive (Dover, 1982). 
1.1.4 Mechanisms of Molecular Drive 
Molecular drive is defined as the process by which the 
homogenisation of sequence families, towards a par ticular repeating 
unit, occurs within a genome, leading to the fixation of this repeating unit 
throughout the population (Dover, 1986). As mentioned above, the 
mechanisms of genomic flux are involved in this process, so a description 
of each is given below. 
1.1. 4.1 Transposition 
Transposition involves the insertion of a sequence from one part of 
the genome into a different part (Figure 1.1). Duplicative transposition 
involves the reinsertion of a copy of the sequence, which increases the 
copy number and the dispersion of that sequence throughout the genome. 
This in turn may increase the chance of homologous pairing, an 
important step for the exchange mechanisms to be described next. As 
emphasised by Maeda & Smithies (1986), the critical initial duplication 
event is essential for the dispersion of repeating units. Duplicative 
transposition brings about the dispersed nature of the many types of 
MRDNA, as discussed earlier, and usually involves the reverse-
transcription of a RNA intermediate (Figure 1. lA). The reverse 
transcriptase may be internally coded or it may be derived from unknown 
origins. 
Conservative transposition refers to the excision of a sequence 
which is reinserted elsewhere (Figure 1.lC), with no ch ange in copy 
number. This applies to true transposable elements. However an 
increase in copy number can result if the excision occurred immediately 
after DNA strand replication, with reinsertion further down stream 
allowing it to be replicated again (Figure 1.lB). 
Tandem amplification may occur if the excised sequ ence is 
amplified and then undergoes extrachromosomal replication via a rolling 
circle mechanism (Figure 1.lD; described by Bostock, 1986). These 
amplified sequences then re-integrate as tandem clust ers. The main 
problem with this mechanism is the formation of the first 
extrachromosomal copies. Hence Bostok (1986) suggest ed a mechanism 
based on a modification of the "onion skin" model of migrating replication 
forks that has been described for polytene chromosomes, that is, 
increasing multiples of a DNA sequence are replicated around the 
original sequence forming layers of successively longer tandem units. 
Recombination events then release the replicated DNA, which 
re-integrate elsewhere in the genome. 
. -
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Figure 1.1 Transposition 
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The mechanisms of D A transposition in eukaryotic cells are demonstr ated as single 
duplications (A & B), conservation of copy number (C) and tandem amplification (D) of a 
DNA segment ( 111111111111111 ) . The host D A regions ( -- , W/////2 ) can r epresent either 
homologous or different sequences and may lie within the same chromosome or be present 
on different chromosomes. See text for the further explanation of each step. Adapted from 
John & Miklos (1988) and Hickson (1989). 
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1.1.4.2 Unequal Exchange 
Sequences may be exchanged between chromosomes, with this 
exchange being initiated by the pairing of homologous regions. 
Intrachromosomal exchanges may occur between sister chromatids after 
DNA replication in the germline and could be either meiotic or mitotic. 
Interchromosomal exchanges are normal meiotic cross-overs (Smith, 
1973). "In-register" exchange, i.e. perfect alignment between repeating 
units, does not cause a change in copy number of the repeating unit 
(Figure 1.2). However unequal exchange following the misalignment 
between different repeating units of the tandem arrays (Smith, 1973) may 
generate simultaneous duplication and deletion events (Figure 1.2). Over 
time unequal exchange may contract or expand the repetitive array and 
may also lead to homogenisation of the repetitive array (Figure 1.2). 
However Southern (1975) questioned whether the rate of unequal 
exchange was sufficient to overcome neutral drift in order to produce 
homogeneity. 
1.1.4.3 Conversion 
Conversion may occur during recombination between closely 
related sequences. This concept was originally devised as gene 
conversion to explain the abnormal 3:1 and 4:0 allelic ratios prevalent in 
fungi and mosses · (cited in John & Miklos, 1988), and involves the 
conversion of one allele sequence from its recessive to its dominant form. 
The gene conversion concept was later expanded to explain the 
homogenisation of the human foetal globin gene sequences (Smithies & 
Powers, 1986). Conversion in this sense means the changing of one 
sequence variant (tens to thousands of bp in length) to the equivalent 
sequence that is being favoured. 
This process of conversion, as described by Smithies & Powers 
(1986), is shown in Figure 1.3. These authors hypothesise that 
single-stranded feelers are generated from one duplex (Figure 1.3A) 
which invade opposing DNA strands during homologous pairing. This 
stage mimics a double cross-over (Figure 1.3B). The opposing strand, 
displaced and looped out by the feeler, is degraded (Figure 1.3C). 
Meanwhile repair processes replace the sequence from which the feeler 
was derived and the picture now resembles a single cross-over, except 
that a portion of one strand has been converted (Figure 1.3D). The concept 
of branch migration was introduced to allow the migration of the 
cross-over so that any gene function is not disrupted (Figure 1.3E). 
Branch migration may only occur if the two sequences are very similar, 
as is the case for multigene families, since this process requires hydrogen 
bonding between the opposing strands (Smithies & Powers, 1986). The 
outcome of this recombination event is a 3:1 allelic ratio of the favoured 
region (Figure 1.3F). 
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[A] Favoured DNA strand, showing 
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with a homologous region 
[BJ Invasion of the homologous 
sequence by the 
single-stranded feel er, 
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that had.been converted, the 
conversion being contained in 
the top option 
Figure 1.3 Conversion 
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separate chromosomes. See text for further explanation of the each step. Adapted from 
Smithies & Powers (1986). 
13 
A consequence of conversion, particularly if it is biased, is the 
continual homogenisation of duplicated sequences. Hence biased 
conversion can explain the higher-order homogeneity that may not be 
achievable by unequal exchange alone. As noted by Smithies & Powers 
(1986), conversions are not always desirable and may lead to the 
dominance of mutant sequences. 
1.1.4.4 Slippage 
Slippage refers to a process responsible for the expansion, 
contraction and spread of simple sequences at recombination junctions 
(John & Miklos, 1988) or the de nova amplification of one to a few 
nucleotides (Dover & Tautz, 1986). The mechanisms of slippage involve 
the sideways movement of the strands in the duplex, with respect to each 
other, between simple repetitive sequences. These may be replicative, 
whereby single-stranded gaps generated during replication cause one 
strand to slip, or non-replicative, which occurs within the duplex. Such 
processes can generate unique or highly repetitive sequences; an example 
given by Dover & Tautz (1986) is the variable size of short (AC)n clusters. 
1.1.4.5 Consequences of Molecular Drive 
Molecular drive is therefore a process that operates via the above 
mechanisms to generate homogeneity of repeat families within a species. 
Molecular drive can also increase the probability of a variant sequence 
taking over a repeat family. The important consequence of molecular 
drive in sexually reproducing diploid organisms is that the gain or loss of 
DNA sequences may occur without natural selection or neutral drift. 
This can explain the existence of selfish and ignorant DNA. As well, the 
homogenisation events as described above may generate conserved unique 
sequences within species without selection being involved. 
The fixation of variant sequences in the long term, with respect to 
multigene families, led Dover (1982; 1986) to implicate molecular drive as 
a contributor to evolution, along-side natural selection and random drift. 
Continuing this theme, Dover (1986) introduced the term adaptation to 
describe the situation whereby a change occurring within the genome of a 
species by molecular drive mechanisms allows that species to exploit a 
new environment. Ho~ever, another important aspect of molecular drive 
(mentioned for biased conversion) is that the fixation of a particular 
sequence may lead to a reduced selection fitness of the host organisms. 
1.1.5 Mammalian Genome Complexity 
~ The mammalian genome is extremely complex having an apparent 
genome capacity vastly in excess of the organisms requirements. The 
complexity is compounded by the many different types of repetitive 
sequences found in mammalian genomes. Not only do repetitive 
. . ···"··•·· .-~·-:.· ..... ; 
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elements increase the size and complexity of the genome, but they also 
increase its potential for change. Repetitive elements interact between 
themselves and/or with the genome at large as transpositions, 
cross-overs, conversions, and slippage. As long as the inherent 
mechanisms of genome change are tolerated by the host these processes 
may lead to the deletion or duplication of repetitive sequences and to the 
generation of new sequences. 
As outlined earlier the notion of molecular drive has been developed 
to help explain the concerted evolution of some of the repetitive elements 
generated by genomic flux. The changes generated are probably random 
and are consequences of the existence of repetitive elements and of the 
molecular drive mechanisms. Any advantageous or dis-advantageous 
events originate by accident, but then may be acted upon by selection. 
Probably most events will be dis-advantageous and will be eliminated by 
natural selection. Thus repetitive elements are coming under increasing 
study for causing genetic disor'ders through gene rearrangements. 
A study of the structure of any chromosome must take this genome 
complexity into account to allow for the detailed interpretation of 
sequences. Th,is applies particularly to the mammalian Y chromosome. 
As will be discussed the Y chromosome has undergone rapid 
evolutionary change, to the extent that it now has a specialised 
developmental role, but few coding regions (Goodfellow et al., 1985). 
Therefore any continuing change of this chromosome is likely to be 
associated with non-coding DNA. Aberrations of the Y chromosome that 
do not affect host survival may be detected by improper development or 
host infertility. It has already been demonstrated that a transposition 
event, instigated by homologous recombination between Alu repeats , has 
resulted in a sex chromosome abnormality (Rouyer et al., 1987). 
1.2 The Mammalian Y Chromosome 
The mammalian Y chromosome is unusual in that it may code for 
few genes (Goodfellow et al., 1985) and is almost genetically isolated, to the 
extent that it may only share a small region with the X chromosome 
(Burgoyne, 1982). It was due to these reasons that little progress on the 
study of its structural organisation was made using traditional 
cytological methods. With the advent of molecular studies and the 
interest in mechanisms of sex determination, the human Y chromosome 
has in a short time become one of the best studied chromosomes. 
Therefore this part of the introduction will describe the characteristics of 
the mammalian Y chromosome as related to the human and mouse Y 
chromosomes, due to the many sex chromosome rearrangements that 
have been detected in these species. 
' . . ·.. . . ~ . -- ; ., -:.· .... ,. ; 
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1.2.1 Roles of the Mammalian Y Chromosome 
1.2.1.1 Sex Determination 
The determination of sex in mammals is genetic, i.e. the presence 
(Jacobs & Strong, 1959) or absence (Welshans & Russell , 1959) of the Y 
chromosome determines sex regardless of the number of X 
chromosomes. The first embryonic events in this sex determining 
process, as described by Ohno (1979) are the divergence of the gonadal 
lineages (germ cells, supporting cells, steroid cells) into testicular cells 
(prospermatogonia, Sertoli cells, Leydig cells). It is believed that 
supporting cells differentiate first and that the signal is autonomous as 
mouse XX+XY chimeras only give rise to XY Sertoli cells (McLaren, 
1987). Thus the presence of the Y chromosome is required for supporting 
cell differentiation into Sertoli cells. Once the testicular cells have 
differentiated they assume their endocrine function: Sertoli cells secrete 
a-ntimullerian hormone to suppress development of the female 
reproductive tract, Leydig cells synthesise androgens to induce the 
development of the male reproductive tract (Jost et al., 1973). The master. 
switch for determining sex became known as the testis-determining 
factor coded by a locus on the Y chromosome (TDF for the human; Tdy for 
the mouse). 
There is strong interest in the search for the primary sex 
determining mechanism (Goodfellow et al., 1987; McLaren & 
Ferguson-Smith, 1988; Page et al., 1987b), in particular the idea that a 
single gene or group of genes may initiate the processes involved. As yet 
there is still no definitive evidence of a sex determining protein or ge·ne. 
The debate continues over the involvement of H-Y antigen in initiating 
testes differentiation. H-Y antigen was (Wachtel et al., 1975) and still is 
(Jaswaney et al., 1989; Wolf, 1988) considered as a candidate protein for 
testes differentiation. On the other hand H-Y antigen is absent in an 
adult sex-reversed mouse with a deletion in the region responsible for the 
sex-reversion (Sxr'; McLaren et al., 1984). Also the possible interaction of 
Y-chromosomal regions with autosomal loci (de la Chapelle, 1987; Eicher, 
1988) indicate that the sex determining process may be very complex with 
the overall scheme being under the control of the Y chromosome. 
1.2.1.2 Spermatogenesis 
A region on the Y chromosome may be important for male fertility 
(Tiepolo & Zuffardi, 1976). Recent analysis of a human Y-chromosomal 
translocation (Andersson et al., 1988) and a deletion (Hartung et al., 1988) 
confirm this. In mice, XO Sxr' males lacking H-Y antigen expression 
have early spermatogenic disruption, while H-Y antigen positive XO 
sex-reversed (Sxr) mice have all stages of spermatogenesis, but do not 
produce mature spermatids (Burgoyne et al., 1986). Thus H-Y antigen 
may be involved in regulating spermatogenesis and further 
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developmental signals may be required from elsewhere on the Y 
chromosome for complete spermatogenesis. Hence the Y chromosome 
must also coordinate embryonic development to ensure male fertility. We 
therefore must bear in mind that the ultimate aim of the Y chromosome 
is to ensure the correct environment for the development of the male 
gametes. 
1.2.1.3 Gene Sequences on the Y Chromosome 
Possible gene coding regions and their location on the human Y 
chromosome are summarised by Weissenbacp. et al. (1988). The focus is 
now on the human zinc finger coding sequence ZFY, originally postulated 
as TDF (Page et al., 1987b). However this inference has been placed in 
doubt as ZFY homologues are present on the autosomes in marsupials 
(Sinclair et al., 1988) and Zfy-1 (a mouse ZFY-homologous locus) is only 
expressed in adult testes (Mardon & Page, 1989). In fact two 
ZFY-homologous loci have been identified on the mouse y - chromosome 
(Mardon et al., 1989; Nagamine et al., 1989) named Zfy-1 and Zfy-2. 
Interestingly both Zfy-1 and Zfy-2 are found in XX Sxr mice, only Zfy-1 is 
detected in XX Sxr' mice and Zfy-2 is regained in a XX Sxr' mouse which 
has restored H-Y expression (Sxr"; Mardon et al., 1989; see also Roberts 
et al., 1988). These results are consistent with the linkage of Zfy-1 to the 
testis-determining region in Sxr mice and Zfy-2 to the H-Y antigen or 
spermatogenic regulatory region deleted in Sxr' mice. 
The best characterised Y-chromosomal gene, MIC2, is shared with 
the X chromosome and encodes a cell surface antigen recognised by the 
monoclonal antibody 12E7 (Darling et al., 1986; Goodfellow et al. , 1983). A 
second gene shared with the X chromosome, named XGR, may be a 
cis-acting regulator of XG antigen and 12E7 antigen expression in red 
blood cells (Goodfellow et al., 1987). Several testis-expressed transcripts 
have been detected using human and mouse Y-chromosomal DNA probes 
(Arnemann et aZ:, 1987; Bishop & Hatat, 1987; Leroy et al., 1987). 
Although one of these studies (Leroy et al., 1987) suggests expression in 
late spermatogenesis, further studies are required on testicular sections 
to determine the significance of these transcripts. 
In addition to these possible coding regions, pseudogene structures 
homologous to gene sequences from other chromosomes , have been 
detected on the human Y chromosome. These are arginino-succinate 
synthetase (Su et al., 1984), actin (Heilig et al., 1984) and steroid sulfatase 
(STS; Fraser et al., 1987). A functional STS locus is believed to be on the 
mouse Y chromosome (Keitges et al., 1985). 
1.2.1.4 Marsupials are Different 
The adage that regulatory sequences on the Y chromosome prime 
the indifferent gonads to develop as testes, which in turn produce the 
hormones that stimulate the development of the male reproductive tract 
. . ~ . . . . . ·: ~ ... ·, ' ... ~ . -:.  .... . : 
17 
has taken a twist. 0 et al. (1988) observed that sexual dimorphism in 
marsupials occurs before any gonadal differentiation and quoted evidence 
for the like in rodents. As the size of the marsupial Y chromosome is 
minute (Graves, 1987) and it may not undergo homologous pairing with 
the X chromosome. (Sharp, 1982), could the Y chromosome in marsupials 
be refined to such an extent, even to the absence of ZFY-homologous loci 
(Sinclair et al., 1988), that its only role is to regulate sex determination? 
1.2.2 Origin of the Mammalian Y Chromosome 
Ohno (1967) postulated, from comparative analysis with fish and 
reptile Y chromosomes, that the vertebrate sex chromosomes may have 
originated as a homologous pair. One of this pair (for this purpose called 
the Y chromosome, the other called the X chromosome) began to 
specialise in th~ regulation of heterogametic sex. In doing so, 
recombination of non-sex determining genes was favoured leading to the 
elimination of these genes and surrounding regions from the Y 
chromosome. Certainly the molecular processes are there for this to 
happen. 
The sex chromosomes of monotremes and marsupials may 
represent intermediate stages of sex chromosome evolution, hinting at a 
gradual change during the evolution of the sex chromosomes (Graves, 
1987; Wrigley & Graves, 1988). These authors propose a system of 
X-inactivation that has been inherited by mammals to compensate for the 
regions on the X chromosome which became unpaired during the 
corresponding loss of Y-chromosomal sequences. The region of 
inactivation may spread, under the control of a single inactivation centre, 
with each new subtraction from the Y chromosome. Hence the 
development of a putative inactivation centre on the X chromosome has 
allowed deletions of the Y chromosome in mammals to be tolerated. 
These deletions may have occurred by virtue of genomic flux 
mechanisms. As long as there was no effect on fertility, such deletions 
became entrenched in following generations and have led to the 
development of a small and specialised Y chromosome. The importance 
of maintaining fertility ensured the conservation of the male sex 
determining mechanisms on the Y chromosome. 
1.2.3 Molecular Structure of the Human and Mouse 
Y Chromosomes 
Goodfellow et al. (1985) brought together the traditional and 
molecular data known in 1985 and divided the human Y chromosome into 
the short arm, centromeric, long arm euchromatic and long arm 
heterochromatic regions. The short arm was further sub-divided into the 
distal region, which comprises the pseudoautosomal and telomeric 
sequences, and the proximal-sex-determining region. The same regions 
are evident in the mouse Y chromosome, except that the distal short arm 
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pseudoautosomal region appears to have translocated to the distal long 
arm (Craig et al., 1987). The consequences of this are a very small short 
arm and pseudoautosomal sequences on the long arm. 
1.2.3.1 Distal Short Arm 
The term pseudoautosomal was coined to describe any loci on the 
distal portion of the sex chromosomes that do not show sex linkage and 
participate in obligatory cross-over (Burgoyne, 1982). Therefore pairing of 
the sex chromosomes begins at the distal short arm and runs down the 
length of the Y chromosome (Schmid et al., 1987). Earlier cytogenetic 
studies indicated that chiasmata formation may occur in several 
mammals (Solari, 197 4). Only in humans and mice has the existence of a 
pseudoautosomal region been confirmed by genetic studies, e.g. the MIC2 
gene in humans (Goodfellow et al., 1983) and the STS gene in mice 
(Keitges et al., 1985). However the existence of a pseudoautosomal region 
in higher apes is implied by the mapping of the human pseudoautosomal 
repeat DXYZ2 to the short arm of both sex chromosomes in these other 
primate species (Weber et al., 1987). 
The genetic mapping of the pseudoautosomal region is enhanced by 
the high frequency of recombination between known pseudoautosomal 
loci, which is estimated to be up to nine-fold higher in male meiosis than 
in female meiosis (Rouyer et al., 1986). The rate of recombination with the 
X chromosome decreases from 50% for near terminal loci (e.g. DXYS14 
and DXYS20) to 2% for MIC2 (Page et al., 1987a). Hence MIC2 is very 
close to the boundary with sex chromosome-specific sequences and maps 
less than 200 kbp from the most distal sex-specific locus (Pritchard et al., 
1987). The human pseudoautosomal boundary has been defined and it 
shows an Alu repeat insert marking the end of the pseudoautosomal 
region on the Y chromosome (Ellis et al., 1989). The length of the 
pseudoautosomal sequence has been estimated at 2.3 - 2.6 Mbp (Brown, 
1988; Petit et al., 1988). 
The nature of the pseudoautosomal region has also been used to 
study the heterogeneity of the sex chromosome telomeres (Cooke & Smith, 
1986). The structural organisation and similarities to the telomeres of 
lower eukaryotes are discussed by Cooke (1987). 
1.2.3.2 Proximal Short Arm 
The proximal short arm is functionally the most critical part as 
both TDF (Goodfellow et al., 1985) and Tdy (Roberts et al., 1988) map to this 
region. The search for TDF took on new impetus with the deletion 
mapping of sex chromosome abnormalities in humans (Vergnaud et al., 
1986) and the long range mapping of the pseudoautosomal boundary 
(Pritchard et al., 1987). TDF is believed to be on a 140 kbp region (1A2; 
0.2% of the human Y chromosome) which is present in an XX male but 
absent in an XY female (Page et al., 1987b). These authors did note that 
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neither all XX males possess nor all XY females lack the 1A2 region. 
However the DNA probes used may not detect all of the 1A2 sequences, in 
particular those sequences essential for testis differentiation. 
The appearance of XX males may be explained by the presence of 
Y-specific sequences, probably containing TDF, on the paternal X 
chromosome (Page et al., 1987 a ). This suggests that a region containing 
TDF is translocated from the Y chromosome to the X chromosome during 
male meiosis. Various modes of unequal exchange have been illustrated 
by Weissenbach et al. (1987). It is tempting to suggest that these events 
are encouraged by homologous recombination between repetitive 
sequences; such an event has already been demonstrated (Rouyer et al., 
1987). This translocation may either occur directly with the X 
chromosome (Rouyer et al., 1987), or with the pseudoautosomal region 
and its subsequent cross-over to the X chromosome, or even with an 
autosome (e.g. Gal et al., 1987). The appearance of XX males who show 
no detectable Y-specific DNA (V ergnaud et al., 1986) may be explained 
either by the lack of any probe to detect the translocated Y-chromosomal 
DNA or by the hypothesis that TDF sequences are not Y-specific. 
Alternatively, TDF may be closely linked to or flanked by repetitive 
elements, in particular SINEs. Attempts to identify TDF may then be 
thwarted by the non male-specificity of such a clone, requiring the revised 
interpretation of hybridisation data. 
From previous discussion it is apparent that the region responsible 
for sex-reversal in Sxr mice may contain an array of genes controlling the 
expression of testis differentiation, H-Y antigen and spermatogenesis, i.e. 
Tdy, Hya and Spy respectively. The analysis of Sxr mice may illustrate 
several examples of inter- and intrachromosomal exchange. For 
example, it is proposed (Roberts et al., 1988) that during male meiosis a 
small segment of the mouse Y chromosome short arm, which contains 
the above putative loci, undergoes duplicative translocation onto the Y 
chromosome long arm and subsequent cross-over to the X chromosome. 
Sxr mice are generated by those embryos which carry this rearranged 
paternal X chromosome. Further to this, Roberts et al. (1988) postulate 
two unequal exchange events to explain Sxr' and Sxr" mice: one between 
the X- and Y-chromosomal Sxr regions to bring about the deletion of Hya 
from the X chromosome, i.e. Sxr', the other between the short arm 
original and distal long arm duplicated sequences of the Y chromosome. 
Subsequent cross-over of this region on to the X chromosome during male 
meiosis may generate Sxr" mice from the paternal X chromosome. 
The proximal short arm region in humans is also characterised by 
the large amount of sequence homologous to the X-chromosomal long 
arm (e.g. DXYSl; Page et al., 1982) an_d to the autosomes (Affara et al., 
1986). DXYSl is present in the great apes on the X chromosome but not on 
the Y chromosome (Goodfellow et al., 1985), which demonstrates the 
recent evolution of human Y-chromosomal sequences that may have little 
to do with the functional role of the Y chromosome. 
1.2.3.3 Centromeric R egion 
The centromere is essential for ordered movement of a 
chromosome during cell division, but sequences involved in such a 
process have yet to be identified (Tyler-Smith, 1987). However tandem 
arrays of alphoid repeats are located in the vicinity of the centromere for 
all human chromosomes (reviewed by Willard & Wade, 1988). The 
organisation of these alphoid repeats is specific to each chromosome 
(Goodfellow et al., 1985) which is demonstrated by the structure and 
specificity of the human Y-chromosomal alphoid repeats (Wolfe et al., 
1985). These authors show the basic repeating unit, an EcoR I fragment 
of 5500 bp homologous to the X-chromosomal alphoid repeat DXZl , is 
specific to the human Y chromosome: The alphoid repetitive 
organisation also demonstrates the hiearchical nature of tandem repeats, 
with long range mapping showing the variable lengths of such arrays 
(Tyler-Smith, 1987). 
1.2.3.4 Euchromatic Long Arm 
The importance of the euchromatic long arm of the Y chromosome 
has been overlooked because of the emphasis on the testis determining 
region. A putative gene regulating the expression of H-Y antigen maps to 
the Y-chromosomal long arm or centromeric region in humans (Simpson 
et al., 1987) and a putative azoospermia locus maps to qll (Tiepolo & 
Zuffardi, 1976; Andersson et al., 1988). In addition, a male with abnormal 
spermatogenesis has a long arm deletion at qll.21 to qll.23 (Hartung et 
al., 1988). Further support of the existence of spermatogenic regulatory 
sequences on the human Y chromosome long arm is given by Leroy et al. 
(1987). They detect testis-specific transcripts and a high level of 
expression during the late spermatid stage in sheep testicular sections 
with a DNA probe derived from the human Y chromosome long arm. 
Even in mice, as m-entioned earlier, XO Sxr males do not produce mature 
spermatids. This may imply further control sequences are required and 
that these could lie within the euchromatic long arm. 
The earlier mentioned pseudogenes map to the euchromatic long 
arm (Weissenbach et al., 1988). This is significant in terms of 
chromosomal events since the functional STS gene in humans is on the 
distal X chromosome short arm. These pseudogenes may be remnants of 
previously functional genes on the Y chromosome, or there has been 
duplicative transposition of processed pseudogenes with subsequent 
divergence of these duplicated sequences. If it is the earlier case then it is 
likely that further pseudogene sequences will be found on the Y 
chromosome. This is supported by the recent finding of amelogenin gene 
sequences on the human Y chromosome, but it is not known whether this 
locus is transcriptionally active (Lau et al., 1989). 
Also present on the human Y chromosome long arm are two copies 
of a retroviral sequence (Silver et al., 1987). It is surmised by these 
. . . ·: . . . . . - . : . :• ....... 
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authors that this sequence had integrated as an endogenous retrovirus 
and has since been duplicated on the Y chromosome. Viral-like 
sequences have also been identified on the mouse Y chromosome (Eicher 
& Washburn, 1986). 
1.2.3.5 Heterochromatic Long Arm 
The heterochromatic region comprises 2/3 of the human 
Y-chromosomal long arm, can be variable in length and stains brightly 
with quinacrine mustard (Goodfellow et al., 1985) . . Two repeat sequences 
constitute the bulk of the human heterochromatin. These are DYZl and 
DYZ2, defined as 3.4 kbp and 2.1 kbp Hae III repeats respectively. Both 
DYZl and DYZ2 have been characterised as tandem repeat units 
containing Y-specific and autosomal sequences (Goodfellow et al., 1985). 
The internal structure of DYZl shows an array of different 
Y-specific and autosomal sequences (Smith et al., 1987). These structures 
may be explained by continuing misalignment and conversion during 
unequal exchange within the heterochromatin, with no bias towards any 
one of the repeating units. The structure of DYZ2 elements is similar, but 
not as complex as DYZl. Several lines of evidence suggest that the 
placement and rapid accumulation of DYZ2 in the human Y chromosome 
has been a recent event: its association with Alu repeat sequences 
(Frommer et al., 1984), its mapping to the terminal long arm with the 
suggestion of it being non-heterochromatic (Cantu et al., 1988), and its 
homology to only autosomal sequences in the gorilla (Smith et al., 1987). 
1.2.3.6 Other Y-Chromosomal Sequences 
Many Y-associated sequences have been cloned and are continuing 
to be cloned from the human and mouse Y chromosome. All that needs to 
be said about them is that they they show a variety of Y-specific and non-
Y-specific patterns (e.g. Affara et al., 1986). Their significance to the 
continuing evolution of the Y chromosome molecular structure probably 
relates to how they survive the processes of genomic flux. 
That Alu repeats on the human Y chromosome are only weakly 
homologous to autosomal Alu repeats (Smith et al., 1987) is surprising. 
This may imply either the Alu repeats on the Y chromosome are evolving 
rapidly, or their insertion into the Y chromosome was an ancient event 
and the Y chromosome may have its own progenitor sequence. This 
divergence of Alu repeats may discount the notion that sex chromosome 
translocations are mediated by homologous pairing between Alu repeats. 
However it has been observed that Alu sequences on the X and Y 
chromosomes in the vicinity of a translocation breakpoint show near 
perfect identity (Page et al., 1987 a). In contrast, Y-chromosomal LINE 
repeats show not only strong homology to genomic LINEs, but also a 
similar chromosomal organisation (Smith et al., 1987). This indicates 
recent and continuing retroposition of LINEs onto the human Y 
chromosome. 
1.2.4 Considerations on the Mammalian Y Chromosome 
The Y chromosome demonstrates the balance between function and 
structure. This specialised chromosome may have few coding regions 
that ensure male fertility. As long as these genes remain intact the 
duplication, deletion, transposition and generation of sequences on the Y 
chromosome may continue. This has led to the human and mouse Y 
chromosomes consisting of many sequences that are Y-specific and many 
that are shared with the X chromosome or autosomes or both. Many of 
these sequences may have nothing to do with the functional attributes of 
the Y chromosome, except disrupting them. Along with the differential 
pattern shown in related species, these sequences demonstrate that the 
processes of genomic flux may be involved in the continuing evolution of 
Y-chromosomal structure, in particular homologous recombination 
between repetitive DNA elements. 
Thus the whole spectrum of human and mouse Y chromosome 
organisation is made very complex by the processes of genome change. 
One wonders how relevant is the molecular structure of the human and 
mouse Y chromosomes to other mammalian Y chromosomes. 
Nevertheless the study of Y-chromosomal structure needs to be 
simplified. Also, the push towards isolating TDF alone is not going to 
solve the developmental enigmas of mammalian sexual reproduction. 
Recent discoveries have confirmed that the complete process of providing 
sperm may involve a complex array of regulatory genes. There is a need 
to concentrate on Y chromosomes from other species that package the 
important roles of sex determination and spermatogenesis into very small 
Y chromosomes and to study the organisation of such chromosomes. 
1.2.5 The Ovine Y Chromosome 
The Y chromosome of the domestic sheep ( Ovis ammon aries L.) 
offers a fresh start to the study of Y chromosome structural organisation 
as very little is known about it and the Y chromosome of related species. 
The ovine Y chromosome is a very small metacentric chromosome (Hsu 
& Benirschke, 1968). Its molecular size is estimated to be approx. 0.16% of 
the diploid genome as measured from the relative sizes of sheep 
chromosomes at metaphase. Assuming a mammalian diploid genome of 
6x1Q9 bp (Britten & Davidson, 1971) and an error of 20% for measuring 
meta phase spreads (Galau et al., 1976), this calculates to a size of between 
8 - 12 Mbp. This size lends itself to investigating its molecular 
organisation. 
The small size of the ovine Y chromosome has meant little 
information could be obtained from cytological studies. Dark G and 
moderate C staining on the Y chromosomes of cattle, goat and sheep is 
. - - • •• ~~ • ·•.. ' - • ! • :• .... '!: 
Z3 
opposite to the staining pattern of autosomes (Evans et al., 1973) which 
implies a corresponding difference between the DNA composition of the Y 
chromosome and the autosomes. This notion is supported by the lack of 
satellite DNA on the sex chromosomes of cattle (Kurnit et al., 1973). It is 
unknown if obligatory cross-over occurs between the sex chromosomes of 
sheep, although X and Y chromosome pairing has been observed in cattle 
(Pathak & Hsu, 1979) and there is indirect evidence for obligatory X- and 
Y-chromosomal cross-over in goats (Burgoyne, 1982). 
A problem with studying the ovine Y chromosome is that aberrant 
forms of Y chromosome exchange go unnoticed, as infertile animals are 
usually culled. Testicular feminisation (Bruere, 1969) and infertile XXY 
rams (Bruere et al., 1969) have been reported in domestic sheep. 
Interestingly, sheep (2n=54) appear to have gone through a period of 
chromosomal fusion in comparison to goats (2n=60) (Evans et al., 1973). 
This may be continuing as shown by fusion of two acrocentric 
chromosomes as Robertsonian translocations (Bruere, 1969; Bruere & 
Mills, 1971). The association of azoospermia with this fusion implies an 
effect on meiotic division or spermatogenic regulation. 
The application of sexing embryos for livestock production provides 
further impetus to the study of the ovine Y chromosome. The rates of 
genetic change theoretically possible by selection are not achieved 
commercially, in particular those affecting growth rate, milk production 
and feed conversion (Smith, 1984). Therefore a challenge exists for 
molecular biology techniques to allow further improvement in livestock 
production efficiency by using gene-linked probes, altering the genetic 
makeup (Land & Wilmut, 1987), or by changing the sex ratio (Hare, 1986). 
Of these, changing the sex ratio may give immediate economic benefits. 
In conjunction with multiple ovulation and embryo transfer, sexing 
embryos by the use of Y-chromosomal DNA probes appears to be the most 
reproducible method of changing the sex ratio. Y-chromosomal repeats 
from cattle have been isolated (Cotinot et al., 19'87; Ellis et al., 1988; 
Matthews & Reed, in preparation), but are either unavailable or are not 
sufficiently abundant. 
1.3 Investigating the Molecular Structure of the 
Ovine Y Chromosome 
The mammalian Y chromosome is a small and specialised 
chromosome that is involved in sex determination and male fertility. The 
Y chromosome provides scope for the study of chromosomal organisation 
and evolution, because it may have few functional loci and is genetically 
isolated. Thus changes within the Y chromosome induced by genomic 
flux could be maintained as there may be a lower probability of functional 
impairment in comparison to other chromosomes. If this is true then a 
variable nature of the mammalian Y-chromosomal organisation between 
animal groups would be expected, despite its specialised role. 
' 
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Studies on the Y chromosome have been confined to the human and 
mouse models with little being known about the Y chromosomes from 
other mammalian Orders. One such animal group is the Infra-Order 
Ruminantia, species from which have had an enormous impact on 
human cultural development. A study of the Y chromosome of domestic 
livestock was instigated on the basis of manipulating the sex ratio in these 
animals with a view towards increasing the rate of genetic improvement. 
The ovine Y chromosome was chosen as it offered potential for study of 
• chromosomal molecular organisation because of its extremely small size 
(estimated to be approx. 12 Mbp) and molecular studies were already in 
progress on the Y chromosome from domestic cattle. At the time of 
writing, except for the in situ hybridisations of Popescu et al. (1988), no 
other laboratory was known to have studied the molecular organisation of 
a Y chromosome from a ruminant species in detail. 
The purpose of this s_tudy was to isolate and characterise repetitive 
DNA sequences from the Y chromosome of domestic sheep. Detailed 
analysis of these repetitive elements provided a golden opportunity to 
discuss the molecular organisation and evolution of the ovine Y 
chromosome in terms of the processes involved in genomic flux . This 
became the focus of the study that led to a proposed sequence of events 
during the ruminant lineage which may have shaped the present day 
ovine Y chromosome. Further work is still required on the Y 
chromosomes of other ruminant species to support this hypothesis. 
Nevertheless, the molecular analysis of the ovine Y chromosome has laid 
the foundation for a most attractive model for resolving the enigmas of the 
molecular organisation and evolution of mammalian genomes. 
' 
CHAPTER 2 
ISOLATION AND MAPPING OF OVINE 
Y-CHROMOSOMAL DNA 
2. ISOLATION AND MAPPING OF OVINE 
Y - CHROMOSOMAL DNA 
2.1 Introduction 
Currently the molecular structure of the mammalian Y 
chromosome is defined by representatives from only two Orders. These 
are the primate (human) and rodent (mouse) Y chromosomes, with most 
of the emphasis being on the role of the Y chromosome in 
sex-determining mechanisms (McLaren & Ferguson-Smith, 1988). Much 
progress has been made in this respect with the available comparisons of 
atypical sex chromosomes of aberrant phenotypes (e.g. Page et al., 1987b). 
The rearrangements responsible for sexual abnormalities also 
demonstrate the turnover of sequences prevalent in mammalian 
genomes. These are exemplified by the presence on the human Y 
chromosome of sequences shared with the X chromosome and autosomes 
of the human and other primate species (e.g. Affara et al., 1986; Erickson, 
1987; Smith et al., 1987; Weber et al., 1987). A similar diversity can be 
found in mouse species (Nishioka & Lamothe, 1987). The relevance of the 
molecular structures of the human and mouse Y chromosomes to other 
mammalian species needs to be questioned. Also the study of Y 
chromosomes from other mammalian groups may give a broader 
perspective of the origin and functional roles or mechanisms of the 
mammalian Y chromosome. 
One such obvious group is the ruminants, not only because of their 
importance to world food and fibre production, but also they tend to have a 
Y chromosome of small size which should simplify its study (karyotypes 
presented by Hsu & Benirschke, 1968). Further to this the sheep Y 
chromosome is of extremely small size (possibly 8 - 12 Mbp) and therefore 
is conducive to molecular analysis. Since little is known about the ovine Y 
chromosome information needs to be gathered on its molecular structure. 
A potentially valuable approach is to isolate Y-chromosomal DNA by 
screening a ram genomic DNA library with DNA sequences found to be 
repeated on the Y chromosome of domestic cattle. 
A plasmid clone containing a short DNA repeat associated with the 
bovine Y chromosome, pBRY.1, has been isolated in this laboratory 
(Matthews & Reed, in preparation) using the principle of hybridisation 
enrichment for male-specific repeated sequences (Lamar & Palmer, 
1984). The BRY.1 sequence (307 bp; K.I. Matthaei, pers. comm.) shows no 
homology with the male-associated cattle sequences described by Cotinot 
et al. (1987) and Ellis et al. (1988). pBRY.1 hybridises weakly to a 
male-specific fragment at approx. 8.5 kbp in sheep DNA digested with 
BamH I (Figure 2.1). The low abundance of BRY.1 necessitated the 
isolation of related sequences from a male bovine genomic library. 
Accordingly, BRY.2 (approx. 3.5 kbp) and BRY.3 (approx. 4.2 kbp), were 
subcloned from the a recombinant phage clone containing BRY.1 
sequences (M.E. Matthews, pers. comm.). pBRY.2 shows more intense 
23 
9.3 
6.6 
4.4 
2.3 
2.0 
0.6 
26 
pBRY.3 pBRY.2 pBRY. 1 tS 
M F M F M F M F M F MF M F M« 
Figure 2.1 Bovine Y-chromosomal repeat hybridisations to sheep DNA 
Autoradiograph of nick translated pBRY.1, pBRY.2, and pBRY.3 hybridised to an alkaline 
Southern transfer of a gel similar to that shown in figure 3. la. After transfer the nylon 
membrane was sliced into thirds, pBRY.3 was hybridised to the left five lanes, pBRY.2 to 
the middle six lanes and pBRY.1 to the right five lanes. The slices were aligned together 
for autoradiography against Fuji RX over 4 days. The male (M) and female (F) sheep DNA 
was digested with BamH I. Size markers, in kbp, are A digested with Hind III. 
Experimental conditions are described in section 2.2. 
male-specific hybridisation with a similar 8.5 kbp BamH I fragment in 
sheep genomic DNA (Figure 2.1). pBRY.2 also hybridises to higher 
molecular weight fragments in both males and females, while pBRY.3 
hybridises strongly to fragments throughout both sexes (Figure 2.1 ). 
Thus pBRY.2 offers the potential as a probe for isolation of Y-associated 
DNA from a male ovine genomic library, provided the dispersed 
hybridisation to higher molecular weight target DNA can be competed out 
by denaturing and reannealing the probe with excess female DNA. 
This chapter describes the construction of a male ovine genomic 
DNA library and its screening for recombinants containing 
Y-chromosomal DNA. Restriction enzyme mapping of the recombinant 
phage inserts and numerous hybridisation studies indicate there are 
families of male-specific repetitive elements. Possible ovine Y-specific 
regions are identified for further in-depth study. 
2.2 Materials and Methods 
2.2.1 Materials 
2.2.1.1 Buffers and Solutions 
Blotto : 10 % (w/v) skim milk powder (Unigate Diploma), 0.1 % (w/v) 
sodium azide (Johnson et al., 1984). 
Homogenising buffer : 100 mM NaCl, 10 mM Tris-HCl pH 7.5, 1 mM 
EDTA (based on Marmur, 1963). 
Layering solution (5x): 50 mM Tris-HCl, pH 8.0, 100 mM EDTA, 1% (w/v), 
7.5% (w/v) Ficoll 400, 0.05% (w/v) bromophenol blue, 0.05% (w/v) 
xylene cyanol. 
PE (lx): 0.133 M NaH2PO4 , pH 6.9, 1 mM EDTA (Church & Gilbert, 1984). 
PBS : 130 mM NaCl, 10 mM KH2PO4, 80 mM Na2HPO4, 20 mM KCl, 
pH 7.4 (cited in Wallace & Salser, 1979). 
The following formulas were obtained from Maniatis et al. (1982): 
IAC : Isoamyl alcohol/chloroform 1:24. 
LB broth : 1 % (w/v) tryptone (Oxoid), 0.5% (w/v) yeast extract, 170 mM 
Na Cl, pH 7 .5. 
NZCYM broth : 1 % (w/v) NZ amine (Sigma, casein, enzymatic 
hydrolysate), 0.5% (w/v) yeast extract (Oxoid), 0.1 % (w/v) casamino 
acids (Difeo), 85 mM NaCl, 10 mM ;t\1gSO4, pH 7.5. 
Reaction mix for first strand cDNA synthesis (final concentrations) : 
50 mM Tris-HCl, pH 8.3, 20 mM dithiothreitol (DTT), 7.5 mM 
magnesium acetate, 1 mM each of cl.ATP, dGTP, dTTP, 0.2 mM 
dCTP, 0.2 mg/ml bovine serum albumin (Sigma Fraction V). 
SM buffer : 100 mM NaCl, 10 mM MgSO4, 50 mM Tris-HCl pH 7.5, 
0.1 mg/ml gelatin. 
SSC (lx): 150 mM NaCl, 15 mM tri-sodium citrate, pH 7.0. 
SSPE (lx): 180 mM NaCl, 10 mM NaH2PO4, 1 mM EDTA, pH 7.4. 
TAE : 40 mM Tris-acetate, 2 mM EDTA, pH 7.4. 
TE : 10 mM Tris-HCI pH 8.0 , 1 mM EDTA. 
2.2.1.2 Sources of Restriction and Modifying Enzymes 
Alkaline phosphatase : Calf intestinal, Boehringer 
AMV Reverse Transcriptase : Molecular Genetics Resources 
DNA polymerase I : Boehringer. 
Klenow polymerase : Klenow fragment of DNA polymerase I, 
Pharmacia/LKB 
T4 DNA Ligase : Pharmacia/LKB. 
T4 DNA polynucleotide kinase : Pharmacia/LKB. 
BamH I : Pharmacia/LKB. 
EcoR I : Pharmacia/LKB. 
Hind III : Pharmacia/LKB. 
Sal I : Pharmacia/LKB. 
Sau3A I : New England Biolabs. 
The reaction conditions use for all modifying and restriction 
enzymes were as recommended by the supplier. Other enzymes were: 
DN aseI : Sigma Type II (#D4527). 
Proteinase K: Boehringer. 
RNaseA: From bovine pancreas, Boehringer, heat treated. 
2.2.1.3 Agarose Gel Electrophoresis 
Gel electrophoresis was with agarose of the following types; 
Standard (Sigma Type I, medium EEO, #A-6877), LMT (FMC Marine 
Colloids Sea-Plaque) and high gelling temperature (Sigma Type V, low 
EEO, #A-3768). The buffer used was TAE with the addition of ethidium 
bromide to 0.5 µg/ml. Electrophoresis was in either Pharmacia/LKB 
mini-sub or Bio-Rad wide mini-sub tanks. Prior to electrophoresis of 
digested samples 1/5 vol of 5 x layering solution was added, mixed and the 
samples heated at 65°C for 10 min. Unless otherwise stated, 
electrophoresis of digestion products was in parallel with 
[a-32P]dCTP-labelled A phage DNA digested with Hind III to provide size 
standards. 
2.2.1.4 E. coli K12 Cell Types 
BHB2690 : N205 recA- (Aimm434 cits857 b2 red3 Dam15 Sam7) (Hohn, 
1979). 
BHB2688 : N205 recA- (Aimm434 cits857 b2 red3 Eam4 Sam7) (Hohn, 1979). 
LE392 : genotype described by Maniatis et al. (1982). 
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2.2.2 Construction of a Male Ovine Genomic DNA Library 
Construction of the ram genomic DNA library used AEMBL3A (Frischauf 
et al., 1983) as the vector and utilised the partial end-filling of Sau3A I and 
Sal I restriction enzyme digests, for insert and vector respectively, to 
eliminate self ligation (Zabarovsky & Allikmets, 1986). 
2.2.2.1 DNA Extraction from Lymphocytes 
Genomic DNA of domestic sheep was isolated from blood 
lymphocytes by lysis with EDTA/Sarcosyl and CsCl density gradient 
centrifugation (Mamur, 1963; Wallace & Salser, 1979). Blood was 
collected from the jugular vein of a Merino ram using 10 or 50 ml 
syringes with 18 gauge needles, into 15 or 50 ml Corning centrifuge tubes 
containing EDTA to a final concentration of 7 mg/ml. The blood was 
centrifuged at 3,000 rpm for 20 min at room temperature and the 
lymphocyte layer transferred into a new tube. This layer was diluted with 
PBS to the same volume of blood and centrifuged as before to pellet the 
lymphocytes. The supernatant was aspirated and the lymphocytes 
resuspended in a small volume of PBS before the remaining red blood 
cells were haemolysed by adding 9 ml of water, followed immediately by 
1 ml of 10 x PBS. Additional PBS was added to the original blood volume 
and centrifuged again to pellet the lymphocytes. 
The lymphocyte pellet was resuspended in 8 ml of cold 
homogenising buffer and the cells lysed by mixing thoroughly with 2.2 ml 
of 0.5 M EDTA and 1.22 ml of 20% (w/v) sarcosyl. After heating at 65°C for 
15 min, 11.6 g of CsCl was dissolved carefully in the solution, followed by 1 
ml of 10 mg/ml ethidium bromide. The CsCl solution was transferred to a 
12.5 ml Beckman polyallomer tube using an 18 gauge needle and a 10 ml 
syringe as a funnel. The DNA solution was centrifuged at 45,000 rpm for 
60 hat 25°C in the Ti80 rotor of a Beckman L8-80 ultracentrifuge. 
The pink DNA band was withdrawn through an 18 gauge needle 
into a 1 ml syringe and transferred to a 5 ml polypropylene tube which 
was covered with aluminium foil. Ethidium bromide was extracted from 
the DNA with butan-1-ol (saturated with 5 M NaCl) by repeated inversion 
on a rotating table. The butan-1-ol layer was aspirated and the DNA 
solution was dialysed exhaustively against TE at 4°C. The DNA 
concentration was calculated from OD260 (1 OD260=50 µg/ml ). 
2.2.2.2 Preparation of Genomic DNA for Cloning 
Sau3A I cuts DNA to a high frequency, so 20 µg samples of genomic 
DNA were incubated to avoid complete digestion with 5 U of Sau3A I in 
100 µl volumes at 37°C for 6, 12, 18 and 24 min. The digests were heated to 
65 °C for 5 min to stop the reactions. A 1 µl sample from each digest was 
electrophoresed in a 0.8% (w/v) standard agarose gel to determine the 
extent of digestion. A further 5 U of Sau3A I were added to the 6 and 12 
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min digests and the incubat ion continued to a total of 20 min. 
Electrophoresis of a further sample indicated that the 6 - 20 and 24 min 
partial digests showed most of the DNA in the 9 - 23 kbp fragment size 
range for optimal packaging of the ligated insert and bacteriophage A 
vector. These were combined and the 5'-termini (GATC-) were partially 
filled with the addition of dGTP and dA TP to a concentration of 50 µM and 
incubating with Klenow polymerase (0.5 U/µg of genomic DNA) at room 
temperature for 90 min. 
The product was electrophoresed in a 0.7% (w/v) LMT agar ose gel 
for 12 h at 4 °C. The gel region containing fragments from 9 t o 23 kbp was 
removed, melted at 65°C and diluted with 1 vol of sterile wat er. The 
solution was extracted twice with phenol, once with IAC and 
concentrated by repeated extraction with butan-1-ol. The DNA was 
precipitated by addition of 1/3 vol of 10 M ammonium acetate and 2 vol of 
100% ethanol, then frozen in liquid ~trogen. After thawing the solution 
was centrifuged for 15 mins at 4qC and the supernatant aspirated. The 
pellet was washed with 70% ethanol and dried briefly in vacuo . The DNA 
was finally dissolved in 25 µl TE to a DNA concentration of 0.1 µg/µl. No 
self-ligation was evident when a 0.1 µg sample was tested with T4 DNA 
ligase. 
2.2.2.3 Preparation of AEMBL3A 
20 µg of ')..,E11BL3A DNA was heated at 65°C for 10 min to melt the 
cohesive termini, then treated immediately with T4 DNA polynucleotide 
kinase at 25°C for 30 min to ensure that all 5'-termini were 
phosphorylated. This was ligated with T4 DNA ligase at 37°C for 90 min 
to generate covalently joined concatemers. The enzymes were inactivated 
by heating at 65°C for 5 min and the concatemers digested to completion 
with Sal I in a 100 µl volume. The resultant 5'-termini (TCGA-) were 
partially end-filled with dTTP and dCTP (50 µM each) by incubating with 
Klenow polymerase (1 U/µg vector DNA) at 37°C for 30 min. The 28.6 kbp 
fragment, containing the left and right "arms" of vector DNA ligated at 
their cohesive termini, was purified electrophoretically as described for 
the insert DNA and dissolved at a concentration of 0.1 µg/µl. A test for 
self-ligation proved negative. 
2.2.2.4 Ligation and Packaging 
The prepared DNAs have two-base protruding 5'-t ermini: the insert 
(ram genomic DNA) molecules are flanked by 5' GA-, whereas the ligated 
vector arms are flanked by 5' TC-. Neither the inser t n or th e vector 
termini are self-complementary, but each is complementary t o the other. 
Therefore the insert and vector DNAs could be ligated at th e optimal 
molar ratio of 1:1 as all possible ligations in a mixture of these molecules 
should be productive. Assuming the average · size of the male ovine 
genomic DNA fragments was 14 kbp , the two DNAs were ligated at a 
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concentration of 50 µg/rnl for the insert and 100 µg/ml for the vector. This 
ligation was at 14°C for 18 h in the presence of 12% (w/v) PEG 6000 
(Zabarovsky and Allikmets, 1986) and 2 U of T4 DNA ligase/µg of total 
DNA. The ligated DNA was recovered by ethanol precipitation to remove 
the PEG 6000 and dissolved in TE at a concentration of 0.1 µg/µl. 
Cell extracts of an in vitro lambda packaging system had been 
prepared (by myself and of D .A. Mann) from the E. coli strains BHB2690 
and BHB2688 (Hohn, 1979). The prophages from the induced lysogens 
bear different, but complementary, mutations in the genes required for 
the assembly of mature phage particles. The sonicated extract from 
BHB2690 (Maniatis et al., 1982) contains phage preheads which 
accumulate because a mutation in the D gene of the prophage blocks the 
insertion of A DNA into preheads. The freeze/thaw extract from BHB2688 
(Maniatis et al., 1982) is enriched for the proteins required for DNA 
insertion, but no preheads are made because of a mutation in the E gene 
of the pro phage. 
Five µl of the ligated DNA (0.5 µg) was added to 15 µl of sonicated 
extract and 5 µl of freeze/thaw extract, mixed gently, centrifuged briefly 
and allowed to stand at room temperature for 6 h. The suspension was 
diluted to 0.5 ml with SM buffer and a drop of chloroform added. This 
combination was mixed, centrifuged for 30 sec and stored at 4 °C as the 
male ovine genomic library (unamplified). The total library complexity 
was found to be approx. 1 x 106 pfu for the 5 µl of ligated DNA packaged. 
This is equivalent to a packaging efficiency of 6 x 106 pfu/µg of genomic 
DNA. 
2.2.3 Library Screening 
2.2.3.1 Preparation of Competent E. coli LE392 Cells 
LB medium containing 0.2% (w/v) maltose (10 ml) was inoculated 
with E. coli LE392 cells and incubated overnight with shaking at 37°C. 
The suspension was chilled on ice for 10 min and centrifuged at 2,500 rpm 
for 10 min. The pelleted cells were resuspended in 5 ml of cold 
10 mM MgCl2. 
2.2.3.2 Filter Lifts 
One haploid genome equivalent, i.e. approx. 250,000 pfu of library 
recombinants as 6 x 42000 pfu aliquots, was absorbed to magnesium-
treated E. coli LE392 at room temperature for 20 min. These aliquots were 
mixed with molten 0.6% (w/v) standard agarose and poured onto NZCYM 
agar (1.5% w/v, Oxoid No. 3) in 15 cm petri dishes. Following growth at 
37°C for 12 h the plates were transferred to 4°C for 30 min. Replica lifts 
were made onto 15 cm nitrocellulose filters (BA 85; Schleicher & Schuell) 
that had been presoaked in LB and air dried. The transferred phage were 
lysed and the DNA fixed to the membrane by successive treatments with 
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0.5 M NaOH/1.5 M NaCl (2 x 5 min) and 0.5 M Tris-HCl, pH 7.5/1.5 M 
Na Cl (2 x 5 min), followed by brief air drying and vacuum baking at 800C 
for two hours (Blattner et al., 1978). The membranes were finally rinsed 
in 4.5 x PE/0.2% (w/v) SDS at 50°C for 30 min with gentle shaking. 
2.2.3.3 Probe Preparation 
For each of the three pairs of filters, 100 ng of pBRY.2 was labelled 
with [a-32P]dCTP (Amersham, 10 mCi/ml, 3,000 Ci/mmol) by a modified 
method of nick translation (Rigby et al., 1977) to a specific activity of 
5 x 108 dpm/µg DNA (K.C. Reed & D.A. Mann, pers. comm. ). To prevent 
hybridisation of homologous sequences with dispersed autosomal 
repeated DNA in recombinant library phage the labelled probe was 
pre-annealed with excess female bovine DNA prior to hybridisation. To 
each labelled probe 1 mg of female DNA was added and the mixture 
depurinated with HCl (to 0.25 M) for 10 min at room temperature and 
fragmented with NaOH (to 0.65 M) for 10 min at room temperature. Each 
solution was neutralised with acetic acid to 0.4 M and ethanol 
precipitated. The DNA pellet was dissolved in 100 µl 5 x SSC, denatured 
by heating to 100°C for 5 min and immediately placed at 65°C for 10 min to 
allow annealing of repeated sequences. 
2.2.3.4 Hybridisation and Autoradiography 
After annealing, each probe was immediately added to 20 ml of 
pre-warmed (50°C) hybridisation solution [ 4.5 x PE, 7% (w/v) SDS, 50% 
(w/v) formamide and 0.5% (w/v) blotto] (Reed, 1988). The solution was 
transferred to heat sealable bags (Bel Art polypropylene autoclavable) 
containing two filters back to back. Hybridisation was done with shaking 
at 42°C for 18 h. After hybridisation the filters were rinsed in 2 x SSC, 
washed in 2 x SSC/0.1% SDS at room temperature for 30 min and 
0.2 x SSC/1 % SDS at 50°C for 15 min, and rinsed again in 0.2 x SSC (Reed, 
1988). The hybridisation solutions were combined and stored at -20°C for 
further use. The filters were air dried, covered with seal-wrap, and 
autoradiographed against X-ray film (Fuji RX) for 6 h at -70°C with an 
intensifying screen (Dupont Cronex Lightning Plus). 
2.2.3.5 Plaque Purification 
Plaques aligning to hybridisation signals were picked from the 
plated library and placed into 1 ml of SM buffer/chloroform. Aliquots of a 
1/100 dilution of these recombinant phage solutions and of ~:rvIBL3A (as a 
negative control) were absorbed to magnesium-treated E. coli LE392, 
plated onto NZCYM agar in 8.5 cm petri dishes, incubated overnight at 
37°C and transferred onto 8 cm nitrocellulose filters as described in 
section 2.2.3.2. The hybridisation and probe solution from the primary 
screen was thawed at 65°C and poured into a 9 cm round container into 
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which the rinsed filters were placed one at a time to ensur e cover age by 
the hybridising solution. This method was very quick to set up and was 
used successfully for the subsequent screenings with 6 - 14 fil ter s in the 
container at a time. Hybridisation and wa shing were done as for the 
primary screen. For additional rounds of purification , fresh pBRY.2 
probes were prepared without annealing t o excess female DNA. After 
four or five screenings, 11 pure recombinant phage stocks were obtained. 
These phage clones were named 11.0Yl through to 11.0Yll . 
2.2.4 Recombinant Phage DNA Extraction 
Isolation of recombinant phage DNA was achieved by modifications 
of the liquid culture method of Maniatis et al. (1982). For each of the 
purified recombinant phage stocks, 75 µ1 was absorbed to 30 µl of 
magnesium-treated E. coli LE392. 40 ml of NZCYM was inoculated with 
this suspension and incubated overnight at 37°C with shaking. Two ml of 
the cell suspension was diluted 1:20 with fresh NZCYM and incubated a 
further 3 h by which time lysis had occurred. The cell lysate was t reated 
with 5 drops of chloroform, 2 µg/ml RNaseA, and 1 µg/ml DNaseI and 
incubated a further 1 h. This mixture was centrifuged at 10,000 rpm for 
10 min to remove cell debris. The supernatant was centrifuged at 
27,000 rpm for 1 h to collect the recombinant phage and the pellet 
dissolved overnight in 2 ml of SM buffer. Phage DNA was recovered by 
treatment with 0.5% (w/v) SDS, 20 mM EDTA, and 50 µg/ml proteinase K 
at 60°C for 90 min. The DNA was extracted with phenol and IAC. The 
resulting DNA solution was concentrated with butan-1-ol and carefully 
layered onto 3.5 ml of 1 M NaCl in TE in a SW60 centrifuge tube 
(Beckman) and centrifuged at 58,000 rpm at 20°C for 2 h to remove RNA. 
The supernatant was removed and the pellet of recombinant phage DNA 
was dissolved in 500 µI of TE. 
2.2.5 Single and Double Digests with BamH I, EcoR I and 
Hindill 
DNA samples of all recombinant phage were subjected to single 
and double digests (denoted by +) with the restriction endonucleases 
BamH I, EcoR I and Hind III and electrophoresed in 0.8% (w/v) agarose. 
Digest combinations for each phage DNA were run in adjacent lanes to 
facilitate comparison of fragment sizes for construction of the restriction 
enzyme maps. Following electrophoresis the DNA was transferred onto 
nylon membranes (Zeta-Probe; Bio-Rad) by alkaline Southern blotting, 
whereby the DNA was depurinated in 0.25 M HCl for 2 x 5 min and 
transferred in 0.4 M Na OH for 6 hours (Reed & Mann, 1985). The filters 
were neutralised in 2 x SSC after transfer. 
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2.2.6 End-Labelled Partial.Hind ill Digests 
The "right" cohesive termini of the recombinant phage DNA was 
end-labelled by partial base filling of the termini sequence. After heating 
to 65°C for 10 min to separate the cohesive ends, [a-32P]dCTP was 
incorporated into the right-arm cohesive end in the presence of 12.5 µM 
dGTP, 50 µM ddATP and 7.5 U of Klenow polymerase by incubating at 
37°C for 60 min. Since the first nucleotide of the left-arm cohesive end is a 
T (Daniels et al., 1983), the annealing of ddATP should prevent both 
[a-32P]dCTP and dGTP from being incorporated onto the left terminus. 
The reaction was stopped by heating to 65°C for 10 min. Each phage DNA 
labelling reaction was aliquoted into three 20 µl volumes for Hind III 
digestion (? U) over 3, 5 and 10 min. These were electrophoresed in O .4% 
(w/v) high-gelling-temperature gels for 24 hours to ensure optimal 
resolution of larger fragments. The DNA was transferred by alkaline 
Southern blotting as described above and the filters exposed directly to 
Fuji RX without an intensifying screen. 
2.2.7 Hybridisations of Bovine Y-Chromosomal DNA 
Fragments of recombinant phage DNA which are homologous to 
bovine Y-associated DNA repeats were identified by hybridising the 
prepared filters described in section 2.2.5 with nick translated pBRY.1 
and, after stripping, to pBRY.2. Plasmid DNA (100 ng) was labelled with 
[a-32P]dCTP by nick translation, depurinated in 0.3 M HCl at room 
temperature for 10 min, cleaved in 0.7 M NaOH at room temperature for 
10 min and immediately added to prewarmed (65°C) hybridisation 
solution [2 x PE, 7% (w/v) SDS, 0.5% (w/v) blotto (Reed, 1988)]. The filters 
were soaked in hybridisation solution and two filters were placed back to 
back between fine filter paper (Schleicher & Schuell # 589/3) that had also 
been presoaked in hybridisation solution (Reed, 1988). This "sandwich" 
was sealed in a bag with 1 ml of hybridisation solution per 10 cm2 of filter 
(Reed, 1988) and incubated at 68°C with shaking for 14 - 18 h. After 
hybridisation the filters were rinsed in 2 x SSC at room temperature, 
washed twice in 2 x SSC/0.1% (w/v) SDS at room temperature for 10 min, 
washed in 0.5 x SSC/1 % (w/v) SDS at 68°C for 20 min and finally rinsed in 
0.5 x SSC at room temperature (Reed, 1988). Autoradiography was 
against X-ray film (either Fuji RX or Kodak XAR) at -70°C with an 
intensifying screen (Dupont Cronex; either Lightni~g Plus or Quanta 
III). The filters were stripped by successive washings in boiling 
0.1 x SSC/0.1% (w/v) SDS (Reed, 1988). The effectiveness of stripping was 
checked by autoradiography before the filter was re-used. 
2.2.8 Hybridisations with Ovine Genomic DNA 
Phage insert fragments containing repeated genomic DNA 
sequences were identified by hybridising, as described above, the phage 
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digests with nick translated genomic DNA of the ram from which the 
recombinant phage insert DNA originated. Conversely the 
male-specificity of the recombinant phage inserts was tested by nick 
translating the DNA from each of the recombinant phage and 
hybridising, as described above, to alkaline Southern transfers of male 
and female sheep DNA digested with BamH I. 
2.2.9 Hybridisations of Foetal Bull Testis cDNA 
Fragments of the phage clones containing possible transcribed 
regions were identified by hybridising alkaline Southern transfers of 
EcoR I and BamH I+Hind III digests of all 11 phage DNAs with labelled 
foetal bull testis cDNA. Single-stranded cDNA was reverse-transcribed 
from poly(A+)RNA (prepared by D. Yin Foo from a foetal bull testis) in a 
50 µl volume using the principles described by Maniatis et al. (1982). The 
prepared poly(A+ )RN A was pelleted by centrifugation, 70% ethanol 
washed, dried briefly and the pellet dissolved to 1 mg/ml in sterile water. 
Five µl of this solution was denatured with 5 µl of 0.2 mg/ml oligo(dT) 
(Primer(dT)15; Boehringer) and sterile water to 29.5 µl at 80°C for 90 sec. 
After chilling in ice-water, 15- µl of reaction mix, 0.5 µl of [a-32PJdCTP and 
5 µl of AMV reverse transcriptase (60 U) were added and the solution was 
incubated at 42°C for 60 min. The reaction was stopped by adding EDTA 
to 20 mM and SDS to 0.4% (w/v). The solution was added directly to the 
hybridisation solution [2 x SSPE, 7% (w/v) SDS, 0.5% (w/v) blotto, 10% (w/v) 
PEG 6000 (Reed, 1988)] immediately after stopping the reverse 
transcriptase reaction. Hybridisation was at 68°C for 19 h and the filters 
were washed and autoradiographed as described in section 2.2. 7. 
2.2.10 Hybridisations of Ovine Y-Chromosomal Subclones and a 
Bo~e cDNA transcript 
To complete the recombinant phage restriction enzyme maps it was 
necessary to include the hybridisation results of several subclones isolated 
from the recombinant phage inserts (to be described in Chapters 3 & 4). 
These were nick translated to alkaline Southern transfers of recombinant 
phage DNA digestions. The subclone and filter combinations were: 
pOYl.1 to BamH I+EcoR I digests, pOYll.1 to EcoR I digests and pOY4.6 
to Hind III digests. In addition pBCYl0, a cattle cDNA clone isolated by 
S. Beaton (described in Chapter 4), was hybridised (by S. Beaton) to filters 
of BamH I+Hind III and EcoR I digests. 
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2.3 Results 
2.3.1 Library Screening and Phage Purification 
The primary screen of the ram genomic DNA phage library with 
male-enriched pBRY.2 identified 24 positive signals of varying intensity. 
All 24 positives were picked; second-round screening reduced this 
number to 11. The remaining 11 plaques were subjected to purification 
through four to five further rounds of screening. Although recovery of 
DNA from these 11 recombinant phage was good, there were numerous 
occasions when restriction endonuclease digests were incomplete or 
became less specific, particularly with EcoR I star activity. Problems 
recurred with A0Y2, A0Y7, A0Y9 and A0Yl 1 DNA digests. 
2.3.2 Restriction Endonuclease Mapping 
Double digests of the first six phage clones are shown in Figure 2.2a 
with EcoR I star activity occurring for the A0Y2 and A0Y3 digests. More 
accurate mapping was achieved when single and double digests were run 
in parallel (Figures 2.3a, 2.4a, 2.5a, 2.6a, 2.7a & 2.8a). Fragment sizes 
were calculated relative to the A phage DNA digested with Hind III as 
size markers. For some of the phage inserts the sum of the Hind III 
fragments did not equal that of the BamH I and EcoR I digests. This is 
shown later to be a consequence of 124 bp tandem clusters (to be described 
in Chapter 3) being lost during electrophoresis. 
The fragments of each insert were aligned in order by firstly 
positioning the Hind III fragments, using the right-end labelled Hind III 
partial digestions (an example is shown Figure 2.9) and then matching 
the BamH I and EcoR I fragments. Alignment of the single and double 
digests allowed for recognition of fragment combinations, leading to the 
construction of restriction endonuclease maps of the recombinant phage 
inserts. The following hybridisation results not only resolved many 
anomalies in fragment combinations, but also highlighted common 
regions that may be specific to the ovine Y chromosome. 
2.3.3 Bovine Y-Chromosomal Repeat Hybridisations 
With the conditions- used, pBRY.1 hybridises mostly to a single 
fragment in eight of the phage clones (Figures 2.2b, 2.3b, 2.4b & 2. 7b; not 
all results shown) and possibly with two regions in A0Y2 (Figures 2.2b & 
2.3b). pBRY.1 hybridises very weakly to fragments of A0Y6 and not at all 
to A0Y5 (Figure 2.2b). As expected, pBRY.2 hybridises to all of the phage 
clones and to fragments additional to those hybridising with pBRY.1 
(Figures 2.2c, 2.5b, 2.6b, 2.7c & 2.8b). The relative intensity of the 
hybridisation signals with pBRY.2 was proportional to the relative signal 
intensities observed in the primary screen of the genomic library. 
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Figure 2.2 Double restriction enzyme digestions of DNA isolated from the 
phage clones iOYl to WY6 
The electrophoresis of DNA, isolated from phage clones A0Yl to )..0Y6 and double-digested 
with BamH I (B), EcoR I (E) and Hind III (H), is shown in (a). The alkaline Southern 
transfer of this gel was used for hybridisations with nick translated pBRY.l (b), pBRY.2 (c) 
and male sheep genomic DNA (d). The filter was stripped between hybridisations. 
Autoradiograph exposures were against Fuji RX over 24 h for (b), 22 h for (c) and 4 days for 
(d). Size markers (A /H), in kbp, are A phage DNA digested with Hind III and end-labelled. 
Experimental conditions are described in section 2.2. (Continued overleaf) 
38 
A0Yl A0Y2 A0Y3 AOY 4 A0Y5 A0Y6 
~ EEBEEBEEBEEBEEBEEB tS 
(c) c< B H H B H H B H H B H H B H H B H H c< 
23 
9.3 
6.6 
4.4 
2.3 
2.0 
0.6 
0.1 
A0Yl ).,0Y2 ).,0Y3 ).,0.Y4 ).,QY5 A0Y6 
~ EEBEEBEEBEEBEEBEEB ~ 
(d) 5 B H H B H H B H H B H H B H H B H H 5 
23 
9.3 
6.6 
4.4 
2.3 
2.0 
0.6 
0.1 
(Figure 2.2 continued) 
(a) ~ 
23 
9.3 
6.6 
4.4 
2.3 
2.0 
(b) 
23 
9.3 
6.6 
4.4 
2.3 
2.0 
A0Yl 
B B E B t8 
HBEEHHH« 
39 
A0Y2 
B B E B 
HBEEHHH 
....-ii---.-il!~------~~ 
A0Yl 
B B E B 
H B E E H H H 
A0Y2 
B B E B 
H B E E H H H 
Figure 2.3 Single and double restriction enzyme digestions of DNA isolated 
from the phage clones }..,QYl and 10Y2 
The electrophoresis of DNA, isolated from phage clones A.0Yl & A.0Y2 and subjected to 
either single (one letter) or double digestions (two letters) with BamH I (B), EcoR I (E) and 
Hind III (H), is shown in (a). The alkaline Southern transfer of this gel was used for 
hybridisation with nick translated pBRY.1, from which the autoradiograph is shown in (b). 
Exposure was against Fuji RX over 6 h. Size markers (A /H), in kbp, are A phage DNA 
digested with Hind III and end-labelled. Experimental conditions are described in section 
2.2. 
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Figure 2.4 Single and double restriction enzyme digestions of DNA isolated 
from the phage clones WY3 and ).,QY4 
The electrophoresis of DNA, isolated from phage clones A.0Y3 & A.0Y4 and subjected to 
either single (one letter) or double digestions (two letters) with BamH I (B), EcoR I (E) and 
Hind III (H), is shown in (a). The alkaline Southern transfer of this gel was used for 
hybridisation with nick translated pBRY.1, from which the autoradiograph is shown in (b). 
Exposure was against Fuji RX over 6 h. Size markers (A /H), in kbp, are A phage DNA 
digested with Hind III and end-labelled. Experimental conditions are described in section 
2.2. 
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Figure 2.5 Single and double restriction enzyme digestions of DNA isolated 
from the phage clones WY5 and ).,QY6 
The electrophoresis of DNA, isolated from phage clones A.0Y5 & A0Y6 and subjected to 
either single (one letter) or double digestions (two letters) with BamH I (B), EcoR I (E) and 
Hind III (H), is shown in (a). The alkaline Southern transfer of this gel was used for 
hybridisation with nick translated pBRY.2, from which the autoradiograph is shown in (b). 
Exposure was against Fuji RX over 2 h. Size markers (A /H), in kbp, are A phage DNA 
digested with Hind III and end-labelled. Experimental conditions are described in section 
2.2. 
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Figure 2.6 Single and double restriction enzyme digestions of DNA isolated 
from the phage clones WY7 and t1-0Y8 
The electrophoresis of DNA, isolated from phage clones 'A.OY7 & 'A.OY8 and subjected to 
either single (one letter) or double digestions (two letters) with BamH I (B), EcoR I (E) and 
Hind III (H), is shown in (a). The alkaline Southern transfer of this gel was used for 
hybridisation with nick translated pBRY.2, from which the autoradiograph is shown in (b). 
Exposure was against Fuji RX over 24 h. Size markers ('A. /H), in kbp, are 'A. phage DNA 
digested with Hind Ill and end-labelled. Experimental conditions are described in section 
2.2. 
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Figure 2. 7 Single and double restriction enzyme digestions of DNA isolated 
from the phage clones WY9 and AOY10 
The electrophoresis of DNA, isolated from phage clones AOY9 & A.OY10 and subjected to 
either single (one letter) or double digestions (two letters) with BamH I (B), EcoR I (E) and 
Hind III (H), is shown in (a). The alkaline Southern transfer of this gel was used for 
hybridisations with nick translated pBRY.1 (b), pBRY.2 (c) and male sheep genomic DNA 
(d). The filter was stripped between hybridisations. Autoradiograph exposures were 
against Fuji RX over 3 days for (b), 24 h for (c) and 3 days for (d). Size markers (A IH), in 
kbp, are A phage DNA digested with Hind III and end-labelled. Experimental conditions 
are described in section 2.2. (Continued overleaf) 
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Figure 2.8 Single and double restriction enzyme digestions of DNA isolated 
from the phage clone .-1-0Yl l 
The electrophoresis of DNA, isolated from phage clone A0Yll and subjected to either 
single (one letter) or double digestions (two letters) with BamH I (B), EcoR I (E) and Hind 
III (H), is shown in (a). The alkaline Southern transfer of this gel was used for 
hybridisation with nick translated pBRY.2, from which the autoradiograph is shown in (b). 
Exposure was against Fuji RX over 16 b. Size markers (A /H), in kbp, are A phage DNA 
digested with Hind III and end-labelled. Experimental conditions are described in section 
2.2. 
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Figure 2.9 HindIII partial digests of WY2 and WY7 to ).,QYl 1 
In (a) is shown the electrophoresis of DNA, isolated from phage clones A.0Y2 & AOY- A.0Yll, 
that was end-labelled and subjected to partial digestion with Hind III for 3, 5 or 10 min. 
The digests were transferred by alkaline Southern blotting and the filter exposed directly 
against Fuji RX for 15 hat room temperature without a screen; the autoradiograph is shown 
in (b). Size markers (A /H+A /S), in kbp, are A phage DNA digested with Hind III or Sal I 
and end-labelled. Experimental conditions are described in section 2.2. 
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Common fragments hybridising with pBRY.1 and pBRY.2 are the 
following: from the inserts of AOY3, AOY4 and AOY9 in which 2.6 kbp 
BamH I+Hind III fragments hybridise with both pBRY.1 and pBRY.2, 
while 1.1 kbp BamH I fragments hybridise with pBRY.2 only (Figures 
2.2c, 2.4b, 2. 7b, & 2. 7 c), from the inserts of AOY6 and AOYl 1 in which 
1.9 kbp BamH I+Hind III fragments hybridise. with pBRY.2 (Figures 2.5b 
& 2.8b), and from the inserts of AOY7 and AOY10 in which 1.4 kbp 
Hind III fragments hybridise with pBRY.2 (Figures 2.6b & 2. 7b). 
2.3.4 Male Ovine Genomic Hybridisations 
Representative hybridisations of ram genomic DNA to the 
recombinant phage DNA digests are shown in Figures 2.2d & 2. 7 d. These 
results identified possible non-Y-specific repetitive sequences associated 
closely with the BRY.2 homologous regions. Intense hybridisation to 
phage DNA fragments is shown with AOY2 and weakly with AOY3 and 
AOY5. 
2.3.5 Recombinant Phage DNA Hybridisations 
The hybridisation of whole recombinant phage DNAs to sheep male 
and female genomic DNA BamH I digests are surprising in that seven of 
the phage DNAs reveal discrete male-specific patterns, with only 
moderately dispersed hybridisation to both sexes (Figure 2.10). These 
seven phage clones are 1i..OYl, 1i..OY3, AOY4, 1i..OY5, AOY6, 1i..OY9 and 
AOYll and they hybridise strongly to male-specific BamH I fragments at 
approx. 8.5 & 5.5 kbp. With the 1i..OY9 hybridisation several closely spaced 
fragments at approx. 8.5 kbp are apparent with this exposure without an 
intensifying screen. Weaker signals are seen with male DNA between 
0.8 - 4.6 kbp. Variable and weak hybridisation is seen to female DNA 
corresponding to some of these male fragments (Figure 2.10). The 4.6 kbp 
band is easily seen in both sexes for 1i..OYl, 1i..OY3 and 1i..OYll, but is very 
faint for AOY 4, )..OY6 and )..OY9. Likewise both the 2.6 and 1.9 kbp female 
fragments (this 1.9 kbp fragment is of slightly lower molecular weight in 
the females) are clearly identified by )..OY4, 1i..OY6, )..OY9 and AOYll, but 
only one by 1i..OYl and neither by )..OY3. 
The exceptions are: AOY5 hybridises strongly to the male 8.5 kbp 
BamH I fragments, shows weak and very weak hybridisation to the 
5.5 kbp fragment and lower molecular weight male-specific DNA, and 
does not detect discrete fragments in the female, AOYl 1 hybridises 
strongly to an extra male-specific fragment at approx. 6 kbp and less 
intensely to DNA above 10 kbp. 
Due to the intense hybridisation to male and female DNA by the 
phage clones AOY2, )..QY7, AOY8, and )..QYl0, no discrete repeat patterns 
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Figure 2.10 Recombinant phage DNA hybridisations to sheep genomic 
DNA digested with BamH I 
Sheep genomic DNA was digested with BamH I, electrophoresed and alkaline Southern 
transferred to a nylon membrane. Strips of the filters containing a male (M) and female (F) 
lane were hybridised separately to nick translated DNA from each of the 11 recombinant 
phage. The strips for each filter were aligned for autoradiography. Exposures against Fuji 
RX were over 23 h for A.0Yl to A.0Y6, except A.0Y2 was at room temperature without a 
screen, and over 16 h at room temperature without a screen for A.0Y7 to A.0Yll. Size 
markers (A /H), in kbp, are or were derived from A phage DNA digested with Hind UII and 
end-labelled. Experimental conditions are described in section 2.2. 
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are given (Figure 2.10) which indicates that these recombinant phage 
inserts probably contain highly repetitive sheep DNA elements. 
2.3.6 Foetal Bull Testis cDNA Hybridisations 
The hybridisation of labelled foetal bull testes cDNA to recombinant 
phage DNA digestions may have identified possible transcribed regions 
on six of the inserts; the phage DNA digests and their respective 
autoradiographs are shown in Figures 2.lla-d. The strongest signals are 
shown by fragments from the phage clones AOY2 and A.OY8. Weak 
hybridisation is shown to fragments of all six phage clones (AOY2, AOY7, 
A.OY8, A.OY9, AOY10 and A.OYll). The respective fragments on the phage 
insert maps are described as possiJ?le transcribed regions (PTRs; Figure 
2.13). 
2.3. 7 Ovine Y-Chromosomal Subclones and pBCYlOb 
Hybridisations 
The identification of common regions between the phage clones was 
achieved by hybridising the subclones pOYl.1, pOYll.1 and pOY4.6 
(Chapters 3 & 4) to digests of DNA from all 11 phage clones (Figure 
2.12a-c). As expected pOYl.1 (from AOYl) hybridises strongly to the same 
fragments which hybridise with pBRY.1 and pBRY.2, with the exceptions 
of weak hybridisation to AOY8 and no hybridisation to AOY5 (Figure 
2.12a). pOYl 1.1 (from AOYl 1) hybridises strongly to four other phage 
clones (AOY3, AOY4, AOY6 and AOY9) and weakly to a fifth (AOY5) 
(Figure 2.12b). pOY4.6 (from AOY4) hybridises to the 124 bp Hind III 
fragments from seven of the phage clones (Figure 2.12c) and to flanking 
fragments (because of the partial Hind III sites in these tandem repeats; 
described in Chapter 3). pBCYl0b (a cattle cDNA clone homologous to 
OYl0.1 from AOY10; described in Chapter 4) hybridises to fragments in 
AOY2, AOY7, AOY8 and AOY10 (GR*; Figure 2.13; results not shown). 
2.3.8 Complete Recombinant Phage Insert Restriction Enzyme 
Maps 
The BamH I, EcoR I and Hind III restriction enzyme maps of the 
phage clone inserts with their size in kbp are shown diagrammatically in 
Figure 2.13. These maps are the best fits from the information gathered, 
although the present map of AOY2 does not explain the similar 
hybridising intensities of the BamH I+EcoR I and EcoR !+Hind III double 
digests (Figure 2.3b). For completeness, features to be described in the 
following chapters are included. A notanle feature is the subsequent 
identification of part of the central ("stuffer") region of AEMBL3A in the 
AOY 4 insert. 
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Figure 2.11 Identification of possible transcribed regions within the 
recombinant phage inserts 
The electrophoresis of DNA is shown, isolated from recombinant phage clones )..OYl to 
)..QYll and digested with EcoR I (a) or BamH I+Hind III (c). The alkaline Southern 
transfers of these gels were used for the hybridisation with labelled cDNA synthesised 
from foetal bull testes poly(A+ )RNA. The autoradiographs for the EcoR I and BamH I 
+Hind III digests are shown in (b) and (d) respectively. Exposures were against Kodak 
XAR over 2 days. Size markers (A /H), in kbp, are or were derived from A. phage DNA 
digested with Hind III and end-labelled. Experimental conditions are described in section 
2.2. (continued overleaf) 
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Figure 2.12 Hybridisation of subclones to recombinant phage DNA digests 
Nick translated subclones from the recombinant phage inserts were hybridised to alkaline 
Southern transfers of phage clone digests. These were pOYl. l to BamH I+EcoR I digests 
(a), pOYll.l to EcoR I digests (b) and pOY4.6 to Hind III digests (c). Exposures were 
against Fuji RX over 7 h for (a) & (b) and 24 h for (c). Partial digestions were evident in 
many of the phage DNA digests. Size markers (A /H), in kbp, are A phage DNA digested 
with Hind III and end-labelled. Experimental conditions are described in 2.2. 
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Figure 2.13 Restriction enzyme maps of the recombinant phage 
inserts 
Restriction enzyme maps of the inserts from :\.OYl to :\.OYll, with their size in kbp 
underneath, are given to illustrate their conserved features. Restriction enzyme sites 
are BamH I (B), EcoR I (E) and Hind III (H). Lines above the maps indicate fragments 
that hybridised to pBRY.1, pBRY.2, pOYl.1, pOYll.1, and fragments that contain 
genomic repeats (GR) or possible transcribed regions (PTRs). Headings within 
brackets indicate weak hybridisation signals. H* are sites where the 124 bp Hind III 
tandem repeats occur and GR* are the fragments where the homologues to pBCYl0b 
occur. Lines below the maps show sub-cloned fragments with their respective names, 
the striped lines indicate those regions that were eventually sequenced. The inserts 
are aligned from left arm to right arm. 
A0Yl 
(17.2) 11 
BE 
GR 
-
11 I I 
PTR 
GR 
H H* H 
GR* 
pOYl.1 
(pBRY.2) 
(pBRY.1) 
GR pBRY.1 
pBRY.2 
11 
E B EE 
OYl.l 
,,..,,.,.,.,,,.,. 
OYl.2 
pBRY.1 
-pOYl.1 
pBRY.2 
111 I I A0Y2 (17.3) 
EHE H 
H 
E E B E E EBH HE 
OY2.5 OY2.2 OY2.1 
-OY2.4 OY2.3 
I 
SCALE I I I I I I 
kbp O 1 2 3 4 5 
(Figure 2.13 continued) 
pOYll.1 
(GR) 
A0Y3 I I I (18.3) 
BE E 
55 
pOYl.1 
pBRY.2 
pBRY.l 
11 I 
EBB H* 
OY3.1 
-OY3.2 
pOYl.1 
pBRY.2 
(GR) 
H 
AEMBL3A pBRY.1 GR pOYll.1 
A0Y4 
(11.5) B 
E 
I -I I I I I I I 
H* B B BE H* EE 
OY4.1 OY4.3 
----- ,.,,.,,. 
OY4.4 OY4.2 ____ ,,,.,.,,,. __ 
A0Y5 
(18.3) B 
E 
OY4.5 
E 
H 
SCALE I I I I I I 
kbp O 1 2 3 4 5 
(GR) 
pBRY.2 
H* H 
H 
111 
HHB 
E 
56 
(Figure 2.13 continued) 
pOYl.1 
pBRY.2 
(pBRY.1) 
GR pOYll.1 
-A0Y6 
I 11 I I I I 11 (11.1) 
EBE H* B E HE EH 
pOYl.1 
pBRY.2 
pBRY.1 
PTR 
GR GR* 
A0Y7 I I I I I II I I 11 (16.5) 
H H EB E EHE HEH 
OY7.1 
OY7.2 
(pOYl.1) 
pBRY.2 
pBRY.1 
pOYl.1 
GR 
A0Y8 I II I I (17 .2) 
E HE E E 
SCALE I I I I I I 
kbp O 1 2 3 4 5 
(pBRY.2) 
PTR 
GR* 
I I I 
E E E 
OY8.1 _OY8.2 
OY8.3 
I I 
EB 
II I 
EH E 
(Figure 2.13 continued) 
pOYll.1 
(GR) 
A0Y9 I II 
PTR 
57 
pOYl.1 
pBRY.2 (pBRY.2) 
pBRY.1 
GR 
I I I (13.1) 
H EH H* B B E 
H ,,.,..,.,..,.,.,.,.,.,4 ,..,.,..,..,..,.,.,,. 
OY9.1 OY9.3 
.,,,,,,4 
OY9.4 OY9.2 
'IIIIIIIIIIIIIIIIIIIII 
OY9.5 
pOYl.1 
pBRY.2 
pBRY.1 
(pOYl.1) 
PTR 
GR GR* 
A0Y10 ----------------I 111 I I I 11 I I (19.4) 
B 
E 
pOYl.1 
HEHHE E 
pBRY.2 
pBRY.1 
GR 
H EH B E 
OYl0.1 
PTR 
GR 
AOYll -....---......11----.1___..1_.....1 1~111---1 
(lB.l) B H*H B E E H EHB E 
E 
.,,.,.,.,,.,..,.,,.,.,.,.,..,..,,, .. 
OYll.1 
SCALE I I I I I I -
kbp O 1 2 3 4 5 
58 
2.4 Discussion 
2.4.1 Library Construction and Restriction Enzyme Mapping 
The method of partial end-filling of vector and insert for genomic 
library construction was found to be very efficient. However more care 
needs to be taken with the preparation of the A.EMBL3A arms since in one 
case (AOY 4) part of the stuffer region of A.EMBL3A was attached to the left 
arm. A major disadvantage with this method of library construction 
using A.EMBL3A is the loss of restriction sites at the cloning boundary. 
This can be overcome by using AEMBL4 which has the BamH I, EcoR I 
and Sal I poly-linker in the opposite orientation (Frischauf et al., 1983), or 
A.EMBL422 which has 10 restriction sites in the polylinker (Chinali, 1988). 
Both of these vectors may allow subcloning of the whole insert or 
fragments adjacent to the left and right arms. 
Restriction digests with BamH I, EcoR I and Hind III and 
subsequent hybridisations with pBRY.1 and pBRY.2 allowed rapid 
identification of possible ovine Y-specific regions. However, the present 
maps of the phage inserts are not totally accurate, especially where the 
restriction fragments are small (< 1 kbp) and where inserts have no 
restriction enzyme recognition sites at all. The Southern Cross technique (Potter & Dressler, 1986) appears appropriate for more accurate and rapid 
mapping. This may be tried on a large number of clones and with a 
larger range of restriction enzymes. The whole mapping procedure may 
be enhanced further by using new A.EMEL vectors which could simplify 
the restriction mapping procedure ( e.g. Whittaker et al., 1988). 
2.4.2 Characterisation of the Recombinant Phage Inserts 
2.4.2.1 Possible Ovine ¥-Specific Repetitive Elements 
Eleven recombinant phage have been isolated from the male ovine 
genomic DNA library. That all 11 phage inserts have regions that 
hybridise with bovine Y-chromosomal repeats (Figures 2.2 to 2.8), implies 
that the phage clone inserts are derived from the ovine Y chromosome. 
This is supported by the unequivocal mal~-specific hybridisation patterns 
shown to sheep genomic DNA by seven of the phage clones (Figure 2.10). 
The regions hybridising with pBRY.1 and pBRY.2, as summarised in 
Figure 2.13, are good candidates for belonging to a family of ovine 
Y-specific repeats. The variation in hybridisation intensity and fragment 
sizes hybridising with pBRY.1 and pBRY.2 infer that this family of 
repeats is heterogeneous. The different restriction enzyme sites flanking 
these possible male-specific regions (Figure 2.13) indicate that the 11 
phage inserts are non-overlapping. Hence the total ovine Y-chromosomal 
DNA that has been isolated, calculated by the addition of all the insert 
sizes, is 178 kbp. 
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pBRY.1 hybridises faintly or not at all to AOY6 and AO Y 5 
respectively (Figure 2.2b). Since pBRY.2 hybridises to fragments from 
both of these phage clones (Figure 2.2c), this demonstrates that BRY.2 
repeats may occur without BRY.1 sequences. This further indicates the 
heterogeneic nature of these repeats as the BRY. l sequences have either 
been deleted, lost through divergence or have never been present in the 
regions covered by the AOY5 and AOY6 inserts. As two of the 11 phage 
clone inserts do not possess BRY.1 sequences, a significant proportion of 
the BRY.2-like repeats in sheep may lack BRY.1. However the virtual 
absence of BRY.1 in AOY6 does not appear to make any difference, in 
comparison to the other phage DNA hybridisations, to the hybridisation 
pattern in male sheep. The exception being a very weak signal given by 
the male-specific 1.1 kbp fragment (Figure 2.10). 
The whole phage clone hybridisations to sheep DNA are significant 
as they imply that the DNA from seven of the recombinant phage inserts 
may be virtually male-specific. Such a result may have been favoured 
since the recombinant phage were selected by hybridisation with male-
enriched pBRY.2, which in turn gives a strong male-specific signal in 
sheep (Figure 2.1). Alternatively it is tempting to suggest that the bulk of 
the ovine Y chromosome may be Y-specific with genomic repeats and 
possible transcribed regions scattered amongst male-specific repetitive 
elements. 
Examples of recurring elements are seen by the hybridisation of 
pBRY.1 and pBRY.2 to common fragments belonging to the the inserts of 
AOY3, AOY4 and AOY9 (Figures 2.2c, 2.4b, 2.7b, & 2.7c), the inserts of 
AOY6 and AOYll (Figures 2.5b & 2.8b), and the inserts of AOY7 and 
)..QYl0 (Figures 2.6b & 2. 7b). Despite these regions of similarity the 
inserts are non-overlapping as their flanking regions have variant 
restriction enzyme sites (Figure 2.13). The similarity between the )..OY6 
and )..OYl 1 inserts actually extends from the 124 bp Hind III tandem 
repeat region (H*) to the right end of the AOY6 insert (Figure 2.13). 
However restriction enzyme sites on the left end of the AOY6 and AOYl 1 
inserts are different. 
Relating these to the whole phage hybridisations (Figure 2.10), 
especially the strong 8.5 & 5.5 kbp signals, five phage clone inserts ()..OYl, 
)..OY3, AOY4, )..OY6 & AOY9) may be defined as one group based on the 
similar repetitive elements that may be contained within them. The 
inserts of this group vary on the basis of restriction endonuclease 
polymorphisms. Two thoughts came to mind. First, the repetitive 
sequences of these five inserts must be similar. Second, the whole 
repeating unit must stretch beyond the boundaries of the fragments 
identified by BRY.1 and BRY.2, possibly incorporating the 8.5 & 5.5 kbp 
fragments seen in the genomic hybridisations. However the 8.5 kbp 
signal requires more detailed analysis to identify the number of discrete 
fragments that may be in this cluster. 
_-
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Different hybridisation patterns are given by AOY5 and A.OYl 1 
(Figure 2.10). The insert of A.OY5 shows a lower sensitivity to genomic 
DNA fragments, especially those <5.5 kbp, which hybridised with the 
other recombinant phage DNAs. On the other hand the A.OYl 1 insert 
must have an additional repetitive element that hybridises to the genomic 
DNA BamH I fragment at 6 kbp. This element may belong to another 
family of male-specific repetitive sequences. In contrast the insert 
sequences . of A.OY2, A.OY7, AOY8 and A.OY10 may contain elements 
homologous to highly repetitive genomic sequences, such as SINEs. 
Their restriction maps are markedly different, but the repetitive element 
must be competed out for a proper comparison of their hybridisation 
pattern to genomic DNA. 
The hybridisations to the phage clone DNA digests with male ovine 
genomic DNA identified moderately to highly repetitive genomic repeats 
within the phage clones, the variation in intensity correlating with the 
variation in hybridisation of phage DNA to genomic DNA (Figure 2.10). 
These genomic repeats tend to be associated closely with regions 
homologous with bovine Y-chromosomal DNA (Figure 2.13). 
Hybridising subclones of recombinant phage inserts back to the 
phage digests proved very fruitful in that other representatives of these 
subclones have been identified. pOYl.1 hybridises to the same regions as 
does pBRY.2 (except in A.OY5) but the intensity of hybridisation varies. 
This demonstrates that OYl.1 and BRY.2 belong to the same family of 
repeats despite being derived from two species of ruminants, albeit closely 
related. The pOYll.1 hybridisations were frustrating as in all but one of 
the other four phage clones with which it hybridises to, it did so to regions 
adjoining a vector arm. However that pOYll.1 hybridises to five of the 
recombinant phage inserts suggests a close association of OYll.1 with 
repetitive elements homologous to OYl.1. The main representative 
outside AOYll was in A.OY9. The hybridisation of pOY4.6 was very 
interesting as it shows that a Hind III tandem cluster may be present in 
seven phage clones, occurring twice in AOY 4 (Figure 2.12; see also Figure 
2.13). 
2.4.2.2 Possible Transcribed Regions on the Ovine Y Chromosome 
Searching for PTRs using a labelled cDNA probe from foetal 
poly(A+)RNA has proven effective in that six of the phage clones show 
positive signals (Figure 2.11). Considering that the Y chromosome is 
expected to contain few coding sequences, it seems remarkable that so 
many PTRs have been identified in only 176 kbp of ovine Y-chromosomal 
DNA. Thus there are suspicions that some of these PTRs may represent 
retroposon sequences which would be supported if the strong signals 
given by the fragments of A.OY2 and A.OY8 DNA (Figures 2.1 lb & d) are 
related to the highly dispersed hybridisation of recombinant phage DNA 
to genomic DNA (Figure 2.10). Likewise, for the inserts of AOY7 and 
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1OYl0, although their hybridisation intensities are not as great (Figures 
2.10, 2.llb & 2.lld) which suggests the repetitive element within the 1OY7 
and 1OY10 inserts may be of a different type. That these highly dispersed 
elements are within or adjacent to the PTRs is indicated by the mapping 
of pBCYl0b (a ruminant SINE described in Chapter 4) to fragments of the 
1OY2, 1OY7, 1OY8 and 1OY10 inserts (Figure 2.13). Any male-specific 
hybridisation which the 1OY2, 1OY7, 1OY8 and 1OY10 inserts may show 
to genomic DNA is probably over-shadowed by the presence of these 
repetitive sequences. 
It is tempting to suggest that the weak cDNA hybridisations to the 
phage DNA digests (Figures 2.llb & 2.lld) may reflect actual coding or 
pseudogene sequences. Either of these two cases warrants the use of 
these PTRs to screen a testis cDNA library. 
2.4.3 Continuing Analysis of Ovine Y-Chromosomal DNA 
Hybridisations with bovine Y-chromosomal repeats have defined 
conserved regions on ovine recombinant phage inserts that may be 
male-specific. Hence it would be of great interest to subclone these 
conserved regions and hybridise them to male and female genon1ic DNA 
to test their male-specificity. The main repeating unit may extend beyond 
these BRY.2 homologous regions, especially with respect to the 8.5 & 
5.5 kbp signals seen by the recombinant phage DNA hybridisations to 
genomic DNA (Figure 2.10). Hence the relationship between the 8.5 kbp 
and 5.5 kbp signals requires closer examination, as well as with the 
region in 1OYl 1 responsible for the 6 kbp signal. 
Restriction enzyme maps (Figure 2.13) indicate that all 11 phage 
clones are non-overlapping. What needs to be known is how similar the 
repetitive elements are at the nucleotide level. Base sequence 
comparisons are required of similar fragments to determine the whole 
repeating unit and any internally repetitive structures that may be 
significant. Finally the significance of the regions that hybridise with the 
foetal bull testis cDNA probe has to be followed through to identify regions 
that may be gene sequences on the ovine Y chromosome. 
CHAPTER3 
CHARACTERISATION OF THE OYl FAMILY OF 
OVINE Y-CHROMOSOMAL REPEATS 
3 CHARACTERISATION OF THE OYl FAMILY OF 
OVINE Y - CHROMOSOMAL REPEATS 
3.1 Introduction 
A number of recombinant phage inserts containing ovine 
Y-chromosomal DNA were isolated. As described in the previous chapter 
hybridisations with bovine Y-chromosomal repeats and sheep genomic 
DNA reveal possible ovine Y-specific regions within the inserts. These 
have been assigned to certain restriction enzyme fragments (Figure 2.13). 
However the restriction enzyme maps show only the gross structure of the 
ovine Y-chromosomal inserts. The actual extent of the male-specific 
elements within the inserts and the similarity between the different 
inserts and their flanking sequences could not be determined accurately. 
To relate· these elements to the organisation and evolution of the ovine Y 
chromosome, the extent of the overall repeat structures, their 
Y-specificity and their relationship with genomic repeats and PTRs need 
to be defined. 
Initially it was believed that characterisation of the fragments 
homologous to BRY.2 may help to isolate Y-specific regions since it has 
already been shown that BRY.2 sequence-s are responsible for 
hybridisation to the 8.5 kbp region (Figure 2.1). Subcloning of these 
homologous fragments and hybridising the subclones to male and female 
genomic DNA digests may determine whether these represent the 
repeating unit or if the repeating unit extends beyond these fragments. 
The continuation of subcloning the regions flanking these BRY.2 
homologues may be necessary if the initial subclones are not responsible 
for all of the male-specific elements identified by whole phage DNA 
hybridisations (Figure 2.10), in particular those elements responsible for 
hybridising to the 5.5 & 6 kbp BamH I fragments (Fi~e 2.10). 
Accurate comparison of male-specific regions between the different 
inserts can be achieved by DNA base sequencing. The base sequence may 
provide clues on the organisation and evolution of ovine Y-chromosomal 
sequences if sequence analysis, database searching and comparison with 
sequences from closely related species prove fruitful. As sequencing all of 
the subclones was not feasible, regions from only three of the recombinant 
phage clones were chosen. These are from the ).,OYl, ).,OY 4 and ).,0 Y9 
inserts which show near male-specificity in the recombinant phage DNA 
hybridis·ations to male and female sheep genomic DNA digests (Figure 
2.10). The reasons for choosing these sequences (refer to the restriction 
maps in Figure 2.13) were : 
OYl (subcloned fragments OYl.l, OYl.2) because the following 
hybridisation studies show OYl.1 to be virtually male-specific, it 
hybridises to the 8.5 kbp BamH I fragments, and OYl.2, which 
adjoins OYl. l, is responsible for hybridising to the 5.5 kbp BamH I 
fragment. 
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OY4 (subcloned fragments OY4.1, OY4.2, OY4.3, OY4.5 ) because OY4.1 
and OY4.2 are commonly occurring 2.5 kbp BamH !+Hind III and 
1.1 kbp BamH I fragments hybridising with BRY.2 (Figure 2.2c). 
Comparison with OYl would determine if these different 
restriction enzyme patterns reflect different repeating units. OY 4.3 
adjoins OY4.2 and may represent the 1.6 kbp BamH I fragment 
hybridising with the recombinant phage DNA (Figure 2.10). OY4.5 
includes and extends beyond OY 4.1 and may be a representative of 
the male sheep genomic BamH I fragments of 8.5 kbp that give a 
strong hybridisation signal (Figure 2.10 ). 
OY9 (subcloned fragments OY9.l, OY9.2, OY9.3, OY9.5) because OY9.l 
and OY9.2 are commonly occurring 2.5 kbp BamH !+Hind III and 
1.1 kbp BamH I frag~ents hybridising with BRY.2 (Figure . 2.7c). 
OY9.5, which includes and extends beyond OY9.1, contains a PTR. 
Hence comparison with OY4.5 may reveal a repeat boundary and 
regulatory sequences · associated with the PTR. OY9.3 adjoins 
OY9.2 and can be compared with OYl.2 and OY4.3. 
Therefore this chapter describes the subcloning of ovine Y 
chromosome DNA fragments homologous to BRY.2, their hybridisation to 
male and female genomic DNA, and base sequencing of similar repeating 
units. This in turn led to the construction of detailed ovine 
Y-chromosonial repeat structural maps. 
3.2 Materials and Methods 
In addition to materials and methods described in section 2.2, the 
following were required for the subcloning and sequencing procedures. 
3.2.1 Materials 
3.2.1.1 Buffers and Solutions 
"Cracking solution" : 50 mM NaOH, 5 mM EDTA, 0.5% (w/v) SDS, 10% 
(v/v) glycerol, 0.01 % (w/v) bromocresol green. 
Ligase buffer (lx) : 50 mM Tris-HCl pH 7.5, 10 mM MgCl2, 100 µg/ml 
Bovine Serum Albumin (BSA; Sigma Fraction V), 5 mM· DTT, 
1 mM spermidine, 1 mM ATP. 
2YT : 1.6% (w/v) tryptone (Difeo), 1 % (w/v) yeast extract (Oxoid), 86 mM 
NaCl, pH 7 .4 (Miller, i972). 
The following formulas were obtained from Maniatis et al. (1982): 
TBE (lx): 89 mM Tris-HCl, 89 mM borate, 2 mM EDTA.Na2, pH 8.3 
TCM : 10 mM each of Tris-HCl, pH 7 .5, CaCl2 and MgCl2 (Struhl, 1983). 
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M9CA Minimal Medium : 0.4% (w/v) casamino acids (Difeo), 1 mM 
Mg8O 4 , 100 µM CaCl2, 0.4% glucose, 49 mM Na2HPO 4 , 22 mM 
KH2PO4, 8.5 mM NaCl, 19 mM N°H4Cl, pH 7.4. 
3.2.1.2 Sources of DNA Modifying and Restriction Enzymes 
Alkaline phosphatase : Boehringer 
Exonuclease III : Promega or Pharmacia/LKB 
Sequenase™ : modified T7 DNA polymerase (Tabor & Richardson, 1987) 
United States Biochemical Corporation (USE). 
Pst I : Pharmacia/LKB 
Sma I: Pharmacia/LKB 
Sph I : Pharmacia/LKB 
Xba I :· Pharmacia/LKB 
The reaction conditions used for all modifying and restriction 
enzymes were as recommended by the supplier. 
3.2.1.3 E. coli K12 Cell Types 
MC1061.1 : recA56, tetracycline resistant derivative of MC1061 
(Casadaban & Cohen, 1980) constructed by Rice et al., 1985. 
JPA101 : recA-, tetracycline resistant, bacteriophage A resistant, 
bacteriophage Tl resistant derivative of Jl\t1101 (Yanisch-Perron _et 
al., 1985) constructed by J .P .Adelman, Genentech Inc. 
3.2.2 Subclones from the Recombinant Phage Inserts 
Recombinant phage insert fragments which hybridise with both 
pBRY.1 and pBRY.2 were subcloned as being probable regions of ovine 
Y-specific DNA. Referring to the restriction enzyme maps (Figure 2.13) 
these are: 
I• 
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Subclone Recombinant phage Flanking restriction Size (kbp) 
of origin enzyme sites 
OYl.1 AOYl BamH I+EcoR I 3.2 
OY2.1 AOY2 BamHI 3.5 
OY2.2 AOY2 BamH I+EcoR I 2.4 
OY2.3 AOY2 BamH !+Hind III 0.8 
OY3.1 AOY3 BamH !+Hind III 2.6 
OY3.2 AOY3 BamHI 1.1 
OY4.1 AOY4 BamH !+Hind III 2.6 
OY4.2 AOY4 BamHI 1.1 
OY9.1 AOY9 BamH !+Hind III 2.6 
OY9.2 AOY9 BamHI 1.1 
The following adjoining regions were subsequently subcloned (refer 
to Figure 2.13) : 
Subclone Recombinant phage Flanking restriction Size (kbp) 
of origin enzyme sites 
OYl.2 AOYl BamH I+EcoR I 2.1 
OY4.3 AOY4 BamHI 1.6 
OY4.5 AOY4 BamHI 8.5 
OY4.6 AOY4 Hind III 4 X 0.124 
OY9.3 AOY9 BamH I+EcoR I 2.1 
OY9.5 AOY9 BamH I+EcoR I 6.9 
3.2.3 Subclone Preparation 
3.2.3.1 In-Gel Ligations 
The above fragments were subcloned into pTZ18u (Bio-Rad) directly 
or were end-filled and subcloned into the Sma I site (to be described in 
section 3.2.6.2). The recombinant phage DNA and plasmid vector DNA 
digests were purified by electrophoresis in 0.8% (w/v) LMT agarose and 
the required fragments excised. Gel slices were melted at 65°C for 10 
minutes I and aliquots were taken and prepared for "in-gel" ligation (14.5 µl of insert slice and 0.5 µl of plasmid slice) (Struhl, 1983). The 
combined gel slices were equilibrated to 37°C and 10 x ligation buffer 
containing 5 U of T4 DNA ligase was added to a total volume of 20 µl. The 
ligations were incubated at 15°0 overnight. 
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3.2.3.2 Preparation of Competent E.coli MC1061.1 
LB medium (500 ml) was inoculated with E. coli MC1061.1 and 
incubated with shaking at 37°C to A6oo=l. The cell suspension was 
chilled on ice for 10 min and the cells pelleted by centrifuging at 2500 rpm 
for 10 min. The supernatant was removed and the cells resuspended in 
50 ml of cold 100 mM CaCl2 and left to stand at 0°C for 20 min. The cells 
were pelleted by centrifuging at 10,000 for 5 min, the supernatant removed 
and the cells resuspended in 5 ml of cold 100 mM CaCl2 containing 15% 
(v/v) glycerol. Aliquots (100 µl) were transferred to chilled pro-vials, 
frozen and stored in liquid nitrogen. For transformation an aliquot of 
frozen competent cells was thawed on ice over 10 min, diluted with 900 µl 
of cold 100 mM CaCl2 and 100 µl aliquots transferred to chilled Eppendorf 
tubes. 
3.2.3.3 Transformations 
Prior to transformation the ligation mixes were melted, diluted to 
200 µl with TE and ethanol-precipitated. The pellet was dissolved in 30 µl 
of TCM and the solution was added to 100 µl of calcium-treated E. coli 
MC1061.1. The combined plasmid and cell solutions were stood on ice for 
20 min, heat shocked at 43.5°C for 45 sec and the cells allowed to recover 
in 1.4 ml of LB at 37 °C for 1 hour. The transformations were plated onto 
LB agar (1.5% w/v) containing 50 µg/ml ampicillin for overnight growth 
at 37°C. For each subclone several transformants were replica plated 
onto fresh LB agar (1.5% w/v) containing 50 µg/ml ampicillin and 
transferred to 25 µl of "cracking solution" using sterile toothpicks. Cells 
were lysed by heating at 65°C for 30 min and electrophoresed. Rapid 
mini-preparations of plasmid DNA (Maniatis et al., 1982) were made 
from transformants which contained a plasmid of the desired size. 
3.2.4 Hybridisations to Male and Female Genomic DNA 
3.2.4.1 Sources of Genomic DNA 
Genomic DNA was isolated from blood lymphocytes (as described in 
section 2.2.2.1) from eight male and eight female domestic sheep (Ovis 
ammon aries L.) of various parentage and breed, four male and four 
female domestic goats (Capra aegagrus hircus L.) of various parep.tage 
and breed, two male and two female fallow deer (Dama dama L.), two 
male and two female horses (Equus asinus L.) of various parentage, and 
two male and two female unrelated humans (Homo sapiens L.). DNA 
from other species [domestic cattle (Bos (Bos) primigenius taurus L.), 
mice (Mus musculus musculus; strains WEHI and BALB/c), domestic 
pig (Sus scrofa domestica L.), and the duckbilled platypus 
(Ornithorhynchus anatinus )] had been prepared, from blood lymphocytes 
or tissue biopsies, by others. 
1 
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3.2.4.2 - Filter Preparation 
Samples of genomic DNA from the above animals (2 µg per well) 
were digested with B amH I. Electrophoresis (as described in section 
2.2.1.3) was in 0.8% (w/v) standard agarose gels for 16 hat 12V. The DNA 
was transferred by alkaline Southern blotting to Zeta-Probe over 6 h (as 
described in section 2.2.5). 
3.2.4.3 Probe Schedule 
Hybridisation of subclones (labelled with [32p] by nick translation as 
described in section 2.2.3.3) to digestions of genomic DNA was as follows: 
pOYl. l, pOY2.1, pOY2.2, pOY3. l, and pOY 4.1 was hybridised to DNA of 
eight male and eight female sheep. 
pOYl.1 and pOY2.3 was hybridised to DNA of three males and three 
females of cattle, sheep and goats. 
pOYl. l, pOYl.2, pOY 4.6, pOY9. l, pQY9.2 and pOY9.5 was hybridised to 
DNA of male and female cattle, sheep, goats and fallow deer. 
pOYl.1 was hybridised to DNA of male and female humans, horses, 
mice, pigs and platypus. 
Hybridisation, washing and autoradiography were as described in 
section 2.2. 7. 
3.2.5 Dot Blot Hybridisation of OYl.1 
Two-fold serial dilutions of each DNA sample were vacuum blotted 
onto Zeta-Probe membrane using the dot blot manifold (Bio-Rad). 
Genomic DNA samples (4,000 to 31 ng) were of cattle, sheep, goat and 
fallow deer. Plasmid DNA samples (4,000 to 31 pg) were of CsCl-purified 
pTZ18u, pOYl.1 and pOYll.1 (described in Chapter 4). The diluted DNA 
samples were denatured in 400 µl of 0.4N NaOH, with 1 µg/ml salmon 
sperm DNA included as a carrier. Samples were heated to 95°C for 20 
min prior to blotting and each well was washed with 400 µl of 0.4N NaOH. 
The dot blot membranes were placed in hybridisation solution and 
hybridised with nick translated OYl.1 (gel-purified insert only) as 
described in section 2.2. 7. The copy numbers of OYl.1-like elements in 
I the genomes of each of the species were calculated by subjective 
comparison with the hybridisation signals given by standard amounts of 
pOYl.1. Unfortunately, comparison of the amounts of genomic DNA 
loaded could not be done due to the lack of any probe, at that time, giving 
uniform hybridisation to male and female DNA of all four species. 
However the genomic DNA samples were the same as used for the above 
B amH I digestions, so the amounts loaded could be considered to be 
approximately equal for each sample. 
1 
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3.2.6 Sequencing Protocol 
I , 
I' 
I 
3.2. 6.1 Preparation of E. coli JP Al O 1 Cells 
JPA101 cells were prepared by inoculating 50 ml of LB medium (50 ml) containing 0.2% (w/v) glucose was inoculated with E. coli JPA101 
and incubated with shaking at 37°C to A6oo=0.6. The suspension was 
centrifuged at 6000 rpm for 5 min, the pelleted cells resuspended in 25 ml 
of cold 50 mM CaCl2 and left to stand on ice for 20 min. The cells were 
pelleted_ by centrifugation as before and resuspended in 50 mM CaCl2 
containing 14% (v/v) glycerol. Aliquots (100 µl) were transferred to 
Eppendorf tubes and stored at -70°C. 
3.2. 6.2 Unidirectional Deletion Clones 
To ensure the availability of as many restriction enzyme sites as 
possible for the preparation of exonuclease III templates, the 
recombinant phage insert fragments to be sequenced were re-cloned. The 
phage clones were digested with restriction enzymes appropriate to the 
required fragments. These digests were heated at 65°C for 10 min, blunt 
end-filled with clNTPs (to 12.5 µM) and 0.67 U of Klenow polymerase at 
37°C for 30 min and gel-purified (section 2.2.2.2). In addition, pTZ18u 
digested with Sma I and treated with alkaline phosphatase was also 
gel-purified. The vector and insert preparations were then blunt-end 
ligated at 8°C overnight. A second advantage of this blunt-end ligation 
system was that it allowed for both orientations of the plasmid inserts to 
be recovered. 
The ligated plasmids were transformed into calcium-treated E. coli 
MC1061.1 and rapid DNA mini-preparations made from six 
transformants for each insert. All DNA preparations were digested with 
various restriction enzymes to distinguish the two orientations, 
designated "+" and "-", of each insert and to determine which restriction 
enzymes to use for the preparation of exonuclease III templates. OYl.1, 
OY4.1, OY4.2 and OY9.2 were sequenced in both orientations while OY9.l 
was sequenced in only one orientation (the other orientation could not be 
identified, even after 24 DNA mini-preparations). OYl.2, OY4.3, OY4.5, 
OY9.1, OY9.3 and OY9.5 were sequenced in one orientation only in order 
to determine the repeat organisation quickly; sequencing results were 
unambiguous. 
Selected DNA preparations were subjected to unidirectional 
digestion with exonuclease III to generate ordered deletion clones (Henikoff, 1984). Approx. 5 µg of each plasmid was double-digested as 
follows: 
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Plasmid First Enzyme Second Enzyme 
pOYl.1+ Sph l Sall 
pOYl.1- Sph l Sall 
pOYl.2 Pst l BamHl 
pOY4.1+ Sph l Sall 
pOY4.1- Sph I Sall 
pOY4.2+ Sph I Sall 
pOY4.2- Sph l Xba l 
pOY4.3 Sph I Sall 
pOY4.5 Sph l BamHl 
pOY9.1 Sph I Sall 
pOY9.2+ Sph I Sall 
pOY9.2- Sph I Xba I 
pOY9.3 Pst I BamHl 
pOY9.5 Sph l BamHI 
Digestion with the first enzyme provides a four base 3' protrusion 
that · protects the sequencing primer binding site of pTZ18u from 
exonuclease III digestion. Digestion with the second enzyme provides a 
5' protrusion which allows unidirectional digestion of the insert sequence 
by exonuclease III. 
Linear deletion fragments were generated as described by Henikoff (1984; 1987) using the Promega Erase-a-Base system. These were 
blunt-end ligated overnight at 8°C. Samples of the ligation mix (15 µI) 
were used to transform (as described in section 3.2.3.3) 100 µI of calcium-
treated E. coli JPA101 that had been thawed on ice. The transformations 
were plated onto M9CA Minimal agar (1.5% w/v) containing 1 µg/ml 
thiamine and 50 µg/ml ampicillin. Transformants of appropriate size 
which together span the length of the insert, were identified by 
electrophoresis of rapid cell lysates. Tl?,is system was so predictable that 
for OY4.5 and OY9.5 the exonuclease III reaction was allowed to proceed 
for 6 min before taking the first sample. Digestion extended to within 
200 - 300 bp of the ends of OY4.1 and OY9.l enabling the sequencing of the 
Hind III tandem cluster and beyond. 
3.2. 6.3 Single-Stranded DNA Preparation 
ssDNA was prepared by super-infecting a culture of transformed E. 
coli JPA101 with the helper phage M13K07, which utilises the fl origin of 
replication within pTZ18u to generate single-stranded DNA (ssDNA) 
copies of the plasmid (Vieira & Messing, 1987). Selected transformants 
were used to inoculate 2 ml of 2YT containing 50 µg/ml ampicillin. 
Approx. 108 pfu of M13K07 was added and the culture incubated at 37°C 
with shaking for at least one hour. At this stage kanamycin (to 70 µg/ml) 
was added to prevent further growth of uninfected cells and the 
incubation continued overnight. 
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From each culture 1.5 ml was centrifuged at 13,000 rpm for 3 min 
and 1.2 ml of the supernatant collected, to which was mixed RNAseA (to 
20 µg/ml). Phage particles were precipitated with 300 µl of 20% PEG 6000 
in 2.5 M NaCl and allowed to stand at room temperature for 15 min. 
Phage pellets were recovered by centrifugation at 13,000 rpm for 5 min 
and the supernatants aspirated. The pellets were re-centrifuged for 
3 min, residual PEG solution was removed and the pellets were dissolved 
in 100 µ1 of TE. The ssDNA was extracted by vortexing with an equal 
volume of phenol for 20 sec. This emulsion was allowed to stand at room 
temperature for 15 min, vortexed for 15 sec then centrifuged at 13,000 rpm 
for 5 min. The upper phase was collected and extracted with an equal 
volume of IAC, vortexed briefly and centrifuged as before. The upper 
phase was collected (90 µl) and ethanol-precipitated. The ssDNA was 
dissolved in 50 µI of TE and each preparation was checked for size and 
quality of the ssDNA preparation by el~ctrophoresis in an agarose gel. 
3.2.6.4 Dideoxy Sequencing 
DNA base sequences were determined by the dideoxy method (Sanger et al., 1977) using [a- 35S]dATP (Amersham, 10 mCi/ml, 
1,000 Ci/mmol) as the label (Biggin et al., 1983). OYl.1 was sequenced in 
the + direction using Klenow polymerase with dc7GTP replacing dGTP 
(Mizusa wa et al., 1986) and in the - direction using Sequenase ™, 
according to the supplied instructions (USB), with dITP replacing dGTP. 
All of the other subclones were sequenced using Sequenase TM and 
dc7GTP. Electrophoresis was in 5% (w/v) acrylamide : bisacrylamide 
(19:1) gels containing 7 M urea. The buffer used was 1 x TBE for day runs 
and 1.5 - 2 x TBE for overnight runs. Electrophoresis was done using the 
Bio-Rad Sequi-Gen apparatus with 0.4 mm spacers. Gels were fixed in 
10% acetic acid/10% methanol prior to drying and autoradiography with 
either Kodak XAR or Fuji RX X-ray film. 
3.2. 7 Sequence Analysis 
The sequencing autoradiographs were read with digitising 
hardware and software (Gene-master Versions 1 & 2; Bio-Rad). The 
sequences were analysed using database (Staden, 1982b), sequence 
analysis (Staden, 1986) and sequence comparison software provided by the 
Gene-master system [DIAGON dot matrix (Staden, 1982a); Needleman-
Wunsch algorithm (Needleman & Wunsch, 1970); Lipman and Pearson 
algorithm (Lipman & Pearson, 1985)]. Base composition analysis and 
analysis for direct and inverted repeats were completed with the DNA 
Ins.pector Ile software (Textco, New Hampshire, USA) on an Apple 
Macintosh SE microcomputer. 
OYl.1 and OY4.6 were compared (Wilbur and Lipman, 1983) with 
sequence databases (Genbank, Release 48, 198-7; EMEL, Release 14, 
October 1988) on the DEC Vax at the Research School of Biological 
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Sciences. The OY9 sequence was compared (Lipman & Pearson, 1985) in 
three sections using the Gene-master Version 2 database (Genbank, 
Release 57, September 1988); these sections correspond to OY9.3, 
OY9.2+OY9.1 and OY9.4. Due to the limitations of the Gene-master 
system the comparisons were only made to the viral, human, rodent, 
mammalian and vertebrate fields, which comprise approximately half of 
the loci present in this Genbank database. The search report files were 
ranked in order of optimised z -value, whereby scores over 10 are 
statistically significant while scores from 3 to 10 may still be biologically 
significant (Lipman & Pearson, 1985). The k-tuple value for all DNA 
sequence searches was 4. 
3.3 Results 
3.3.1 Sheep, Cattle, Goat and Deer Genomic DNA Digested with 
BamHI 
A striking feature of the sheep and goat BamH I digestions is the 
approx. 800 bp satellite band observed in the DNA of males and females (Figure 3.1). This satellite displays a higher-order tandem repetitive 
nature and may be related between the sheep and goats as shown by the 
weak hybridisation of pOYl.1 to a sheep and goat band of the same size in 
males and females (Figure 3.5a). A similar sized band is shown for the 
fallow deer digests (Figure 3. lc), but is probably unrelated to the sheep 
and goat satellites as no hybridisation to sheep, goats and cattle has been 
observed with this deer satellite (Lima-de-Faria et al., 1986). The BamH I 
satellite became useful as an internal control for the sensitivity of 
hybridisations since all the subclones hybridise weakly to it. 
Representatives of this sheep satellite have been subcloned and sequenced (K.I. Matthaei, pers. comm.; Novak, 1984; Reisner & Bucholtz, 1983). 
Shown in the cattle BamH I digests are two distinctive bands of approx. 
3.6 & 3.8 kbp in both sexes (Figures 3. lb & c). These may be related to the 
bovine 1. 709 satellite (Skowronski et al., 1984). 
3.3.2 Hybridisations to Sheep DNA Digests 
pOYl.l, pOY2.l, pOY3.1 and pOY4.1 hybridise to male-specific 
DNA in sheep (Figures 3.2 & 3.3). As for the pBRY.2 and whole 
recombinant phage DNA hybridisations (Figures 2.1 & 2.10) there is a 
strong male-specific signal at approx. 8.5 kbp. Of these subclones pOYl.1 
shows near complete male-specificity with no dispersed hybridisation in 
either sex (Figure 3.2a). Even after prolonged exposure of this filter, the 
only female hybridisation are weak signals from the sheep Ba m H I 
satellite (Figure 3.2b). Weaker hybridisation of pOYl.1 is shown to larger 
molecular weight DNA and to fragments at approx. 1.1, 4.4 & 5 - 5.5 kbp of 
the male sheep (Figure 3.2a). Also OYl.1 may be quantitatively 
polymorphic as the intensity of the 8.5 kbp signal varies between male 
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Figure 3.1 Electrophoresis of genomic DNA isolated from domestic 
livestock 
Genomic DNA (2µg per lane), isolated from blood lymphocytes of male (M) and female (F) 
cattle (C), sheep (S), goats (G) and fallow deer (D), was digested with BamH I and 
electrophoresed as described in section 2.2. Genomic DNA digestions were of eight male 
and eight female sheep (a), three male and three female cattle, sheep and goats (b) and 
male and female cattle, sheep, goats and fallow deer (c). Size markers (A /H), in kbp, are A 
phage DNA digested with Hind III and end-labelled. (Continued overleaf) 
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Figure 3.2 pOYl.1 hybridisation to sheep genomic DNA digested with 
BamHI 
. 
Autoradiographs of nick translated pOYl.1 hybridised to an alkaline Southern transfer of 
a gel similar to that shown in figure 3. la. Exposures times for the same filter were 
against Fuji RX over 2 days for (a) and 5 weeks for (b). Size markers (A /H), in kbp, are A 
phage DNA digested with Hind III and in this case A. phage DNA (lng) was added to the 
nick translation preparation. Experimental conditions are described in section 2.2. (M : 
male; F : female) 
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Figure 3.3 pOY2. l, p0Y2.2, pOY3.1 & pOY 4.1 hybridisations to sheep 
genomic DNA digested with BamH I 
Autoradiographs of nick translated pOY2.1 (a), pOY2.2 (b), pOY3.l (c) and pOY4.1 (d) hybridised to alkaline Southern transfers of similar gels to that shown in figure 3. la for (a) 
and (b). For (c) and (d) the exceptions are that the fifth female sample from the left did 
not digest and electrophoresis was at 60 V for 2.3 h . Exposures against Fuji RX were over 3 days for all four autoradiographs. Size markers (A /H), in kbp, are A phage DNA digested 
with Hind III and end-labelled. Experimental conditions are described in section 2.2. (M : 
male; F : female) (Continued overleaD 
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sheep (Figure 3.2a), but the quantity of DNA electrophoresed is similar for 
the eight male sheep (Figure 3. la). 
pOY2.1, pOY3.1 and pOY4.1 all give similar hybridisation patterns 
(Figures 3.3a,c & d). In addition to the strong male-specific signal at 
8.5 kbp there is a weaker male-specific signal at approx. 2.15 kbp. pOY3.1 
is different in that it hybridises to non sex-specific DNA at approx. 4.6 kbp 
(Figure 3.3c), possibly the same sequence identified in both sexes with the 
whole recombinant phage DNA hybridisations (Figure 2.10). The 
apparent variation in size of the strong male-specific 8.5 kbp signal shown 
by pOY3.1 (Figure 3.3c) and pOY 4.1 (Figure 3.3d) is probably due to the 
non-ideal electrophoresis conditions used for these gels. 
pOY2.2 does not show any male-specificity (Figure 3.3b), although 
both qualitative and quantitative polymorphisms are apparent. This lack 
of male specificity may be due either to the weak homology between 
pBRY.1 and OY2.2 (Figure 2.3b) or to confusio~ surrounding the 1i..OY2 
phage insert map actually leading to isolation of the wrong fragment 
(recall section 2.3.8). 
3.3.3 Hybridisations to Cattle, Sheep and Goat DNA Digests 
pOYl.1 hybridises to male-specific DNA in all three domestic 
livestock species (Figure 3.4a). There is strong hybridisation to male 
cattle BamH I fragments at approx. 6 & 10 kbp and to male sheep 
fragments at 8.5 kbp. Weaker ~ybridisation is shown with male cattle 
fragments at 1.9 & 2.3 kbp, male sheep fragments at approx. 1.1, 4.4 & 
5 kbp and male goat fragments at approx. 1.1 & 2.1 kbp. Weak 
hybridisation is shown to a series of goat fragments larger than 3 kbp. 
pOY2.3 hybridises strongly to those male cattle fragments described 
above (Figure 3.4b). Weaker signals are given by male-specific fragments 
at 8.5 kbp in sheep and approx. 3.6 kbp in goats. However OY2.3 also 
shows dispersed hybridisation to higher molecular weight DNA in both 
sexes (Figure 3.4b). Interestingly the hybridisation pattern given by 
pOY2.3 is almost the same as that given by pBRY.2 to a blot of a similar 
gel (M.E. Matthews, pers. comm.) and correlates well with the OY2.3 
fragment giving the strongest signal with the pBRY.2 hybridisations to 
recombinant phage DNA digests (Figure 2.2b). 
3.3.4 Hybridisations to Cattle, Sheep, Goat and Deer DNA Digests 
3.3.4.1 Comparison of pOYl.1 with pOY9.1 and pOY9.2 
Since pOY9.1 and pOY9.2 include a region equivalent to OYl.1, 
their hybridisation patterns should, when overlaid, be similar to that 
shown by pOYl.1 and this is what in fact happened (Figure 3.5). The 
three subclones hybridise to male-specific sequences in all four species. 
None hybridise to female sequences, apart from very weak signals with 
the BamH I satellite in sheep and goats. Surprisingly, with the pOYl.1 
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Figure 3.4 pOYl.1 & p0Y2.3 hybridisations to cattle, sheep and goat 
genomic DNA digested with BamH I 
Autoradiographs of nick translated pOYl.1 (a) and pOY2.3 (b) hybridised to alkaline Southern transfers of similar gels to that shown in figure 3. lb. Exposures against Fuji RX 
were 2 days (a) and 6 days (b). Size markers ().. /H), in kbp, are A phage DNA digested with Hind III and end-labelled. In the case of (b) a plasmid contaminant is present in the 
marker lanes at approx. 2.8 kbp. Experimental conditions are described in section 2.2. (M : 
male; F : female; C : cattle; S : sheep; G : goats) 
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Figures 3.5 Comparison of the pOYl.1, pOY9.1 & pOY9.2 hybridisations to cattle, sheep, goat and fallow deer 
genomic DNA digested with BamH I 
D 
FM F 
Autoradiographs of nick ti·anslated pOYl.1 (a), pOY9.1 (b) and pOY9.2 (c) hybridised to alkaline Southern transfers of similar gels to that shown in Figure 
3. lc. Exposure against Fuji RX was 5 days for all three autoradiographs. Size markers, in kbp, were from A phage DNA digested with Ilind III. The 
addition of A phage DNA to the nick translation preparation was excessive for these experiments, causing shadowing from the outside marker lanes. The 
loss of the female fallow deer lane in (b) during removal of the ·marker lanes was inadvertent. Experimental conditions are described in section 2.2. (M : 
male; F: female; C : cattle; S: sheep; G: goats; D: fallow deer). 
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hybridisation (Figure 3.5a), the signal intensity given by the 1.1 kbp band 
is similar to that of the 8.5 kbp region. This is in contrast with the 
previous pOYl.1 hybridisations in which the 1.1 kbp signal is less intense (Figures 3.2a & 3.4a). The obvious differences, in comparison with the 
pOYl.1 hybridisation, are shown in sheep by pOY9.1. These are the more 
intense hybridisation to the 8.5 kbp region and an additional male-specific 
band at 2.2 kbp (Figure 3.5b). The same pattern seen with pOY9.1 and 
pOY9.2 in male attle (Figures 3.5b & c) is very suggestive of internal 
repetitive elements shared by these subclones. The hybridisations shown 
in Figure 3.5 reveal a complex series of bands with the male goat and 
several weak signals with the male fallow deer. 
3.3.4.2 Comparison of subclones that Flank the BRY.2 Homologous 
regions 
The subcloned inserts of pOYl.2, pOY 4.6 and pOY9.5 comprise 
fragments that adjoin regions in the recombinant phage inserts 
homologous to BRY.2 (see Figure 2.13). pOYl.2 hybridises strongly to 
male-specific DNA at 6.6 kbp in cattle and at 4.6 & 5.5 kbp in sheep (Figure 
3.6a). Weaker male-specific signals are shown at 1.8, 2.1 & 10 - 20 kbp in 
cattle, at 2.4 kbp in sheep and at 2.4, 3.9, & >6.5 kbp in the goat. 
Male-specific hybridisation is not apparent in the fallow deer. A feature 
is that most of the hybridisation in cattle is due to male and female 
BamH I fragments of 3.6 & 3.8 kbp (recall Figure 3.lc), with little 
dispersed hybridisation to higher molecular weight DNA in comparison 
with the other species (Figure 3.6a). The band pattern in both sexes of 
sheep (Figure 3.6a) is similar to the band pattern shown by the 
recombinant phage DNA hybridisations (Figure 2.1), particularly the 
strong male-specific 5.5 kbp signal. Common male and female bands 
appear in all four species with an interesting polymorphism in fallow 
deer, i.e. two weak female bands of approx. 6 & 6.2 kbp are shown as a 
doublet of approx. 6 kbp in the male (Figure 3.6a). 
pOY 4.6, which contains four copies of the 124 hp tandem Hind ~II 
repeat, only hybridises to male sheep DNA at 5.5 & 8.5 kbp (Figure 3.6b). 
Even after pro onged exposure (result not shown) there is no hybridisation 
to the other species. Also pOY 4.6 possibly hybridises to three discrete 
regions at 8.5 kb and as shown by the A.OY9 hybridisation (Figure 2.10), 
the middle signal at 8.5 kbp is the strongest. 
The di t inctive sheep male-specific signals at 5.5 & 8.5 kbp are I 
detected by pOY9.5, which includes OY9.l, six tandem copies of the 124 hp 
tandem Hind III repeat and OY9.4. The dispersed hybridisation shown to 
both sexes has masked the weaker hybridisation signals in males (Figure 
3.6c). Therefore no additional male-specific fragments that may hybridise 
with the OY9.4 region could be identified. 
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Figure 3.6 Comparison of pOYl.2, pOY4.6 & pOY9.5 hybridisations to cattle, sheep, goat and fallow deer genornic DNA digested 
withBamH I 
Autoradiographs of nick translated pOYl.2 (a), pOY 4.6 (b) and pOY9.5 (c) hybridised to alkaline Southern transfers of similar gels to that shown in figure 
3.lc. Exposure against Fuji RX was 4 days for all three autoradiographs. Size markers (AIR), in kbp, are A phage DNA digested with Hind III and 
end-labelled. Experimental conditions are described in section 2.2. (M: male; F: female; C : cattle; S: sheep; G: goats; D : fallow deer) 
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3.3.5 pOYl.l Hybridisation to Human, Horse, Mouse, Pig 
and Platypus DNA Digests 
The electrophoresis of male and female human, horse, mouse, pig 
and platypus DNA digested with BamH I is shown in Figure 3.7a. The 
DNA preparations were poor for the second set of humans and the 
platypus. Neither male-specificity nor specific signals are apparent in 
any of these species following hybridisation with pOYl.1 (Figure 3. 7b), 
suggesting that the OYl.1-type hybridisation pattern is confined to the 
ruminants. However there is highly dispersed hybridisation in both male 
and female humans which _implies that simple sequences within OYl.1 
may be dispersed in the human genome. Also there may be high 
molecular weight DNA in male and female pigs that hybridises with 
pOYl.1. 
3.3.6 Quantification of OYl.1 
Approximate copy numbers of OYl.1 in the four domestic ruminant 
species have been determined from the dot blot hybridisation by 
comparison with known amounts of plasmid DNA (Figure 3.8 & Table 
3.1). These results confirm OYl.1 as low to moderately repetitive in 
ruminant males and virtually non-existent in females. It is not known 
whether the reduced copy number in deer is due to less actual copies or to 
a lower homology with the OYl.1 sequence. 
3.3. 7 DNA Base Sequences of OYl, OY4 and OY9 
The total nucleotide sequence lengths of OYl (Appendix 1), OY 4 (Appendix 2) and OY9 (Appendix 3) are 5195 bp, 6710 bp and 10063 bp 
respectively. That these sequences are similar along most of their lengths 
i_s shown by dot matrix analysis (e.g. Figures 3.9b & c). Needleman-
Wunsch alignment demonstrates >90% similarity between the 
homologous portions of the three recombinant phage insert regions and 
confirms that these are similar but different isolates of the same repetitive 
unit. The similarity finishes at nt 4655 of OYl with respect to OY4 and 
OY9 (Appendix 1; see also Figure 3.9b). 
3.3. 7.1 Base Composition 
The G+C content of OYl. OY4 and OY9 is shown in Table 3.2 and 
all three sequences tend to be G+C-rich in relation to mammalian DNA in 
general. Included in Tabl~ 3.2 are the regions of lowest and highest G+G 
content. The region of highest G+C content corresponds to the broken 
570 bp direct repeat to be described in the next section. 
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Figure 3. 7 pOYl.1 hybridisation to mammalian genomic DNA digested 
withBamH I 
The electrophoresis of genomic DNA (0.5 - 2µg) isolated from male (M) and female (F) human (Hum), horse (Hor), mouse (Moul : WEHI; Mou2 : BALBc), pig and platypus (Pla) 
and digested with BamH I is shown in (a). The alkaline Southern transfer of a similar gel 
was used for the hybridisation of nick translated pOYl.1, from which the autoradiograph is 
shown in (b) . .Size markers O .. /H), in kbp, are A phage DNA digested with Hind III and 
end-labelled. Exposure was against Kodak XAR over 6 days. Experimental conditions are described in section 2.2. 
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Figure 3.8 Dot blot hybridisation of OYl. 1 to genomic DNA of domestic 
livestock species 
Gel-purified OYl.1 (linear BamH l+EcoR I fragment only) was nick translated and hybridised to a dot blot 
prepared with doubling dilutions of denatured genomic DNA, isolated from blood lymphocytes of male (M) 
and female (F) cattle (C), sheep (S), goats (G) and fallow deer (D). DNA samples were applied to Zeta-Probe 
membrane under vacuum . CsCl-purified plasmid (pTZ18u, pOYl.1 and pOYll.1) DNA was applied as 
negative and positive controls. The quantity of genomic and plasmid DNA is shown on either side. 
Autoradiograph exposure was against Fuji RX over 22 h. Experimental conditions are described in section 
3.2.5. 
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!Table 3.1 Approximate copy numbers of OYl.1 in domestic ruminants I 
Male Female 
Cattle 1200 nsc 
Sheep 200 0 
Goats 140 nsc 
Deer 35 nsc 
(nsc = near single copy) 
I Table 3.2 G+C content of the ovine Y-chromosomal sequences I 
Sequence G+C Content 
OYl 52.1% 
OY4 51.6% 
OY9 48.4% 
Lowest Range Highest Range 
45.8% (4675-4935) 58.0% (2598-3117) 
35.2% (6375-6710) 60.0% (2012-2680) 
30.0% (9056-10063) 59.8% (2516-3019) 
The Figures in brackets refer to nucleotide positions shown in Appendices 1-3. 
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Figure 3.9 Dot matrix comparison of bovine and ovine ¥-chromosomal DNA sequences 
(c) 
OY9 
Search element length : 6 nts 
Max. no. of mismatches : 0 nts 
The DNA sequences of the bovine Y-chromosome repeat, BRY.1, and those from the recombinant phage inserts OYl, OY4 and OY9, compns1ng 
male-specific and non sex-specific subclones, were compared using the DIAGON dot matrix programme. That the BRY.1 sequence is present in the ovine 
sequences is shown in (a) and a similar pattern is given for the comparison ofBRY.1 with OY4 and OY9. The comparison of OYl with OY4, shown in (b) 
is representative of the very close similarity between these sequenced regions of the phage inserts and highlights several features indicated by the 
arrows. From top to bottom the arrows point to the (AC) string (small box on the diagonal line), the broken 570 bp direct repeats (clusters of dots on and 
to the right of the diagonal line), one of the adjacent 46 bp direct repeats deleted in OY4 (kink in the diagonal line) and the abrupt end of homology 
between OYl and OY4 (end of the diagonal line). A similar pattern is given when OY9 is substituted for OY4. In (c) is the overall picture of OY4 versus 
OY9 which shows the near perfect homology between these two sequences over the whole length of OY4. Features of this comparison, such as two copies 
of the 570 bp broken direct repeat and the tandem Hind III cluster, are shown in better detail in Figure 3.10. Scale bars are in multiples of 1/20. 
Alignment parameters are shown underneath. 
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3.3. 7.2 Repetitive Structures 
Dot matrix analyses not only show that the three sequenced inserts 
are similar, but also reveal internal repetitive elements (Figures 3.9 & 
3.10). Repetitive elements within the main repeating unit are shown 
diagrammatically in Figure 3.11 (refer to Appendices 1 - 3 for the exact 
positions of these repetitive elements). They include the following: 
1. An alternating purine-pyrimidine tract [(AC)nJ (see also 
Figure 3.10a) with variation in length between the different 
sequences. 
2. A direct repeat of approx. 570 bp which is broken into two 
units of 490 - 494 bp and 77 - 79 bp (see also Figure 3.10b). Two 
copies of this repeat occur in OY 4 and OY9; the first is split 
by 740 bp and the second by only 23 bp. A single copy only of 
this direct repeat, split by 7 40 bp, is present in OYl. The 
similarity of the two copies of these direct repeats within each 
of OY4 and OY9 (76% and 86% for the 492 bp and 79 bp 
portions respectively in OY4 (75% & 82% for OY9)) is less 
than their similarity between OY4 and OY9 (96%). 
3. Adjacent direct repeats of 46 bp with 4 mismatches in OYl. 
This is the only internally repetitive element of significance 
in the OYl sequence. Only one copy of this repeat is present 
in OY4 and OY9, representing the major deletion between 
the OY4/OY9 and OYl sequences (see also Figure 3.9b). 
4. A copy of the ovine BRY.1 homologue which has 86% 
nucleotide similarity with the cattle BRY.1 sequence (see also 
Figure 3.9a). 
5. A palindrome consisting of 134 bp inverted repeats with 34 
mismatches (76% nucleotide similarity) occurring in OY4 
and OY9. Only one copy of the inverted repeat is present in 
the OYl sequence: In all three representatives, the left-most 
inverted repeat shares the last five bp with the BRY.1 
homologue and ends just five bp from where the similarity 
finishes between the OYl and OY4/OY9 sequences. 
6. A tandem clu.ster of six 124 bp direct repeats, containing a 
complete or partial Hind III site, located in OY4 and OY9 
(see also Figures 3.9c & 3.10c). 
Apart from the break in similarity with OYl, no other repeat 
boundaries were found when compared with OY4 and OY9. It was very 
disappointing to find that the OY4.5 fragment included AEMBL3A 
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Figure 3.10 Dot matrix comparisons highlighting the internal repetitive structures of the OY4 and OY9 sequences 
The DNA sequences from the recombinant phage inserts OY4 and OY9 were compared using the DIAGON dot matrix programme. In (a) the (AC) 
string is highlighted (as indicated by the arrows) in this comparison of OY4.3 with OY9.3. With OY4.2+OY4.1 versus OY9.2+OY9.1 (b) the two 
copies of the broken 570 bp direct repeat are indicated, on the diagonal line and short lines parallel to the diagonal line, as the 490-494 bp portion (connected arrows) and the 77-70 bp portion (single arrows). A close-up of the Hind III tandem cluster comparison between OY4 and OY9 is given 
in (c) showing that there are approx. six copies of the 124 bp repeat in this cluster. Scale bars are in multiples of 1J20. Alignment parameters are 
shown underneath. 
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sequences, preventing a proper comparison of the OY 4 and OY9 
sequences. A more detailed analysis of the OY9.4 fragment, which 
contains the PTR sequence, will be presented in Chapter 4. 
3.3. 7.3 Repeat Structural Map 
The analysis of the base sequences culminated in the construction 
of maps of repetitive structures within the OYl.1 family (Figure 3.11). 
These maps are aligned to emphasise similarities and differences 
between the three sequenced regions. Also aligned underneath the maps 
are summaries of base composition and of the hybridisation studies. A 
cattle cDNA homologue (described in Chapter 4) is included on the map of 
OY9 to show the position of this PTR. On the basis of this PTR sequence 
and the downstream A-rich tail, the· maps have been drawn left to right 
as 5' to 3'. 
3.3.8 Database Searches 
No significant similarities have been found from database 
searches. It thus appears that these are the first ovine Y-chromosomal 
sequences to be sequenced. However some interesting similarities were 
found which could suggest biological significance in relation to the origin 
of these ovine Y-chromosomal sequences. The male-specific region 
OY9.2+9.1 matched with rabbit liver microsomal cytochrome P-450 cDNA 
sequences (Kagawa et al., 1987) at nts 2014-3773 with an optimised z-score 
of 4.80. A different portion of this OY9 region, nts 3822-5526, matched 
with ABL gene coding sequences (Mes-Masson et al., 1986) with an 
optimised z-score of 4.67. 
3.4 Discussion 
3.4.1 BamH I Repetitive Units 
3.4.1.1 Individual Elements 
DNA repeat sequences associated with the ovine Y chromosome 
have been isolated and characterised. Subclone inserts, selected on the 
basis of their hybridisation to pBRY.1 and pBRY.2, were shown to contain 
ovine Y-specific repetitive elements by virtue of their male-specific 
hybridisation to male and female genomic DNA of domestic livestock. 
One of these subclones is pOYl.1 which contains the 3142 bp 
BamH l+EcoR I fragment of AOYl (Figure 2.13). This shows near 
complete male-specific hybridisation in all four ruminant species 
(Figures 3.2, 3.4a, 3.5a) and was thus subjected to DNA sequence 
analysis. 
91 
The other initial subclones, pOY2.l, pOY3.1 and pOY4.1 all gave 
similar hybridisation patterns (Figures 3.3a, c & d), emphasising that the 
male-specific repetitive elements belong to a family of repeats. However 
these three subclones show some dispersed hybridisation to both sexes of 
sheep. They also hybridise to discrete fragments shared by both sexes, 
such as the BamH I satellite and, in the case of pOY3.1, a band of 4.6 kbp. 
This latter point ruled in favour of choosing OY 4.1 for sequencing. 
Although pOY2.1 gave almost the same hybridising pattern as pOY4.1, 
there was uncertainty over the arrangement of the AOY2 insert (recall 
section 2.3.8). This would have caused problems when flanking regions 
needed to be characterised. Finally OY4.1 represents one of the 2.6 kbp 
BamH I+Hind III fragments hybridising with BRY.2 that are present in 
three of the recombinant phage inserts. 
pOY4.1 hybridises to male-specific DNA at 2.2 kbp. So this and the 
above differences, when compared with the pOYl.1 hybridisation (Figure 
3.2), must be due to regions of OY4.1 which are not homologous with 
OYl.1. These include nearly one fifth of OY 4.1 as two short stretches of 
sequence, ·namely the 350 bp between the first inverted repeat unit and the 
second 492 bp direct repeat unit and the 100 bp between the second 79 bp 
direct repeat unit and the Hind III end of OY4.1 (Figure 3.11). These 
same 2.2 kbp BamH I fragments also hybridise with pOY9.1 (Figure 3.5b). 
With the similarity between the OY4.1 and OY9.1 sequences (Figure 3.9c), 
the hybridisation of p_OY9.1 to male and female DNA (Figure 3.5b) should 
be identical to pOY4.1. However this is not evident as pOY9.1 gave a 
virtually male-specific hybridisation pattern and certainly no distinctive 
BamH I satellite bands as shown by pOY 4.1. Therefore OY 4.1 probably 
contains a short segment of the satellite sequence, further demonstrating 
the complexity of these repetitive sequences. 
Together pOY9.1 and pOY9.2 give a hybridisation pattern similar to 
that of pOYl.1 (Figure 3.5). OY9.1 and OY9.2 may also comprise similar 
repetitive elements as predicted from the hybridisation patterns of pOY9.1 
and pOY9.2 to male cattle (Figure 3.5b & c). This is supported by sequence 
analysis which shows OY9.1 and OY9.2 sharing a copy of the 490 bp direct 
repeat (Figure 3.11). However OY9.1 does not hybridise to the 1.1 kbp 
BamH I fragment (Figure 3.5b) and assuming that OY9.2 may be a 
representative of this 1.1 kbp BamH I fragment, which appears likely as 
three of the phage inserts have it, the similar hybridisation patterns of 
OY9.1 and OY9.2 in male cattle may be related to sequences adjoining the 
490 bp direct repeat units. Alternatively, their close association in the 
genome as shown by the isolated sheep sequences may ensure their 
hybridisation to similar BamH I fragments in cattle. 
Among the differences shown in Figure 3.5 is the very intense 
signal at 8.5 kbp in male sheep with pOY9.1. This could be due to a single 
copy of the 124 bp Hind III tandem repeat (as the original AOY9 Hind III 
digest used for subcloning was incomplete). The significance of this 
relates to the AOY9 hybridisation to genomic DNA (Figure 2.10) which 
implies that there may be three bands within the 8 - 9 kbp region. It can 
be suggested that two of these bands may be represented by those 
containing the OY9.1-like sequences with and without the tandem 
Hind III cluster. 
The hybridisation of pOYl.2 to genomic DNA (Figure 3.6a) is 
significant in that it hybridises to the 5.5 kbp sheep male-specific 
fragments and to the same pattern of smaller male and female fragments 
as was shown by the whole recombinant phage DNA hybridisations 
(Figure 2.10). Since OYl.2 is adjacent to OYl.1 and likewise the 
equivalent sequences in OY 4 and OY9 (i.'e. OY 4.1 - 3 & OY9.1 - 3) are also 
adjacent, the 5.5 & 8.5 kbp hybridising sequences must be adjacent in the 
genome. Although dispersed hybridisation to large fragments is seen in 
both sexes (Figure 3.6a), the most intense signals given by pOYl.2 are to 
the 3.6 & 3.8 kbp BamH I fragments of cattle which may represent the 
bovine 1. 709 satellite; this satellite is known to contain (AC)n sequences 
(Skowronski et al., 1984). 
Another surprise result is seen with pOY4.6, which contains four 
copies of the 124 bp Hind III tandem repeat (Figure 3.6b). This subclone 
only hybridises to male sheep DNA at the 5.5 & 8.5 kbp regions (Figure 
3.6b).· Therefore the appearance of this tandem cluster is very suggestive 
of a recent genomic event as sheep and goats diverged only approx. 5 mya 
(Fitch, 1977). 
pOY2.3, the 800 bp BamH I+Hind III fragment which hybridises 
strongly with pBRY.1 (Figure 2.3b), shows dispersed hybridisation to high 
molecular weight DNA in both sexes (Figure 3.4b) ~hich almost masks 
the 8.5 kbp male-specific signal in sheep. That this subclone hybridises 
strongly to several male specific BamH I fragments in cattle with a 
similar pattern to that seen by pBRY.2 suggests a high level of similarity 
between OY2.3 and cattle sequences. 
Although pOY2.2 does not show any male-specificity, variation in 
the intensity and size of fragments hybridising to it in both males and 
females was apparent (Figure 3.4). The variable repeat appears to be 
associated with a sequence slightly smaller than the BamH I satellite and 
may belong to a class of variable number of tandem repeats (VNTRs). 
VNTRs have the potential for diagnosis of parentage and if pOY2.2 is 
ruminant-specific it could have important consequences for livestock 
breeding. However the hybridisation to high molecular weight DNA of 
both sexes needs to be resolved before OY2.2 can be useful as a VNTR 
probe. 
3.4.1.2 Repetitive Unit of the Ovine Y Chromosome 
Most of the male-specific hybridisation shown by the subclones with 
sheep is confined to the 8.5 & 5.5 kbp fragments and the 1.1 kbp fragment 
seen in Figures 3.5a & c. It is conceivable that together these BamH I 
fragments may represent a large repeating unit, although such 
fragments, except for the 1.1 kbp OY 4.2 and OY9.2 sequences, are not 
represented in the three recombinant phage insert regions that have been 
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sequenced. However the large repetitive unit may comprise the 
sequenced regions, plus flanking regions yet to be cloned to complete the 
BamH I fragments. It is postulated that the 1.1, 5.5 & 8.5 kbp BamH I 
fragments of male sheep DNA have the following relationships to the 
main repetitive unit: 
1. The 5.5 kbp fragment comprises the 2060 bp OYl.2 fragment 
plus 3.5 kbp to the left of this region (using the orientation 
shown in Figure 3.11), on the basis that pOYl.2 hybridises 
strongly to the 5.5 kbp fragment but pOYl.1 shows weaker 
hybridisation to a similar fragment (Figures 3.4a, 3.5a & 
3.6a). That there was no BamH I site in the expected region 
of the 11.OYl insert may be explained by the insertion of the 
Hind III tandem cluster disruptfng this structure (Figure 
2.13). The same could apply to the 11.OY 4 insert and may also 
explain the hybridisation of pOY 4.6 to a 5.5 kbp region 
(Figure 3.6b). 
2. The cluster of possibly three bands at 8 - 9 kbp (which has 
been found to consist of bands at 8, 8.5 & 9 kbp as shown by 
the pOYl.1 hybridisation to male sheep digests in Figure 
5.3a) comprises OYl.1 (3142 bp) plus an additional 5 - 6 kbp of 
sequences to the right not present in the 11.OYl insert. The 
6 kbp may include a second 570 bp broken direct repeat, a 
Hind III tandem cluster and other sequences present in OY 4 
and OY9. The three different sized fragments around 8.5 kbp 
may be caused by deletions, insertions and mutations of the 
BamH I sites. 
To confirm these proposed repetitive structures requires isolation of 
the main 8.5 kbp unit. This was hoped for by the OY4.5 sequence, but 
another good candidate is the 8 kbp BamH I fragment of 11.OYll (Figure 
2.13). Initial thoughts were to isolate the 8 kbp region from BamH I 
digests of genomic DNA, but this was not done as it was apparent that 
homologous fragments had already been isolated as part of the phage 
clones. 
While most of the hybridisation signal is in the bands at 1.1, 5.5 & 
8 - 9 kbp, the relationship between the BamH I fragments of the phage 
inserts (Figure 2.13) and the BamH I fragments of sheep genomic DNA 
hybridisations (Figure 3.5) show heterogeneous repeating units. 
Therefore, while the main repetitive unit may comprise a cluster of core 
sequences (represented by OYl.1) which remain ordered, the flanking 
sequences vary. This variation in unit length may be caused by 
scrambling of flanking sequences during replication and by the addition 
or subtraction of sequences such as PTRs and short repeats. 
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A greater variation is shown in the other species with BamH I 
digestions (Figure 3.5). The interpretation of these patterns would require 
comparison of base sequences, but these have yet to be completed for the 
cattle repeats. Even so it is tempting to suggest that the complex pattern 
seen in goats may simply be a preferred accumulation of the short 
sequence responsible for hybridisation to the 1.1 kbp BamH I fragment 
(Figure 3.5a). The virtual male-specific hybridisation of these subclones 
to fallow deer (Figures 3.5 & 3.8) indicates the conservation of these 
repetitive sequences on the ruminant Y chromosome over 30 million 
years since the divergence of the Cervidae and Bovidae Families (cited in 
Harrington, 1985). 
Non sex-specific sequences are confined to the OYl.2, OY4.3, OY9.3 
and OY9.4 regions (Figure 3.11). These may be related to simple repetitive 
sequences and the PTR sequence. Overall, as judged by the hybridisations 
to male and female DNA, it appears that most of these ovine 
Y-chromosomal sequences are Y-specific. If the main repetitive unit 
comprises the 5.5 & 8.5 kbp BamH I fragments (including the 1.1 kbp 
fragment) and has the same genomic abundance as OYl.1 (290 copies), 
then this repeat family may account for 3.9 - 4.2 Mbp of the ovine Y 
chromosome. These repeats have been designated the OYl family in the 
remainder of this work. 
3.4.2 Internal Repeat Structures 
The sequenced regions show a high degree of similarity. Although 
the nucleotide similarity between OY 4, OY9 and the homologous portion 
of OYl exceeds 90%, the frequency of nucleotide substitution is not 
uniform. The bulk of the sequences differ by only approx. 2%, but there 
are short regions differing by up to 20%; e.g. there are 10 nucleotide 
substitutions between OY4 and OY9 in the 50 bp segment from nts 3800 to 
3850. Conserved direct repeat elements, detected by dot matrix analysis 
(Figures 3.9 & 3.10), occur within the main repetitive unit as either singly 
(BRY.1), duplicated (570 bp broken direct repeat) or tandemly repeated 
elements (124 bp Hind III cluster). These form a core of repetitive 
elements which may have a homogeneous order within the larger 
repeating unit. 
The 124 bp Hind III tandem repeats are very unusual in that they 
occur only in male sheep, which suggests they are of recent origin in 
evolutionary terms. The tandem cluster appears to be at several positions 
relative to the BRY.2 homologous regions (Figure 2.13), yet the structure 
is similar between the two copies sequenced (Figure 3.11). This suggests 
that excision and amplification of the 124 bp sequence may have been a 
single event, but it transposed to several positions on the ovine . Y 
chromosome. An interesting correlation is that this tandem cluster does 
not occur in any of the recombinant phage inserts that show dispersed 
hybridisation to genomic DNA (compare Figures 2.10 & 2.12). 
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Imperfect 128 bp inverted repeats have less similarity within (74%) 
than between (92%) the OY4 and OY9 sequences. This suggests, as for the 
570 bp unit discussed earlier, that the inverted repeats had diverged long 
before they became replicated as part of the main repetitive unit. Since 
these inverted repeats have similar percentage similarity as the 570 bp 
broken direct repeats, it is possible that the inverted repeats were 
generated during duplication of the 570 bp sequence. Integration of the 
tandem cluster into the region bounded by the inverted repeats would 
have been a later event. 
The (AC)n region in OYl.2, OY4.3 and OY9.3 may be responsible 
for the observed hybridisation to dispersed and common bands in male 
and female genomic DNA (Figure 3.6a). This simple repetitive element is 
present in many intergenic regions, revealed by the database searches. 
Its existence and variable length may simply be due to DNA slippage 
events as illustrated by Dover & Tautz (1986). 
A large amount of male-specific DNA which is not internally 
repeated, as indicated by the solid black line in Figure 3.11, comprises 
nearly 2/3 of the OY9 sequence. Aspects of this male-specific DNA have 
been discussed earlier in relation to comparisons between hybridisations 
with pOY9.2, pOY9.1 and pOYl.1. It appears that this internally non-
repeated DNA may be responsible for a major part of the male-specific 
hybridisation. 
Therefore it is conceivable that the OYl family comprises many 
elements, probably formed by virtue of genomic turnover processes, have 
become replicated as a large (14 - 15 kbp) unit. How all of these elements 
became integrated into one repeat unit is not known at this stage. One 
can only speculate that these sequences have remained with the ovine Y 
chromosome since all of these elements occur within the Y-specific 
domain of the main repeating unit, indicated by the hybridisation 
overview in Figure 3.11. 
3.4.3 Origin and Evolution of the OYl Sequence Family 
From comparison of the similarities between repetitive elements 
within and between the sequenced inserts (e.g. the 570 bp broken direct 
repeats and the inverted repeats) it appears that these elements were 
diverging but then became integrated into a much larger repeating unit. 
The origins of the internal elements are probably related to the original 
ruminant Y chromoso,me or possibly in some cases to the original 
mammalian sex chromosomes. This last inference is based on matches 
of ovine Y-chromosomal sequences (OY9.l+OY9.2; section 3.3.8) with the 
P-450 and ABL gene coding regions. 
Firstly, there are 71 known genes in the P-450 superfamily showing 
at least 40% sequence similarity between the gene families (N ebert et al., 
1989). Male and female-specific types have been noted (Matsumoto et al., 
1986). Also P-450scc, expressed during early gestation and isolated from a 
testis cDNA library (Chung et al., 1986), shortens the sex hormone 
I 
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biosynthetic pathway in males, thereby possibly leading to higher levels or 
earlier release of androgens (Jost & Magre, 1988). It is feasible to consider 
that a portion of the OYl-like sequence may be a remnant of a P-450 gene 
that has remained specific to the Y chromosome in sheep, assuming that 
an equivalent P-450scc gene was on the ancestral Y chromosome. 
Secondly, the relationship to the ABL coding sequence is interesting in 
that ABL is expressed during mouse testicular germ cell development 
(Propst et al., 1988). Again the implication is that the male-specific region 
of the ovine rep ea ts may have their origins in previously functional 
regions of the ancestral mammalian Y chromosome. 
That the sequence of the OYl family may have ancient origins is 
shown by the hybridisation of pOYl.1 to both sexes of humans and pigs 
(Figure 3. 7b). The element of pOYl.1 that hybridises to these other 
mammals does not show male-specificity, suggesting that this element 
became fixed within the Y chromosome of ruminants, but not of 
non-ruminant species. 
- The individual elements comprising the core of the repeating unit 
probably arose through imperfections caused by enzymes involved with 
replication as argued by Hyrien et al. (1988). Such events would be 
gradual, allowing time for the sequences to diverge between replication 
steps. In comparison the accumulation of the whole repeating unit, as 
judged by the similarities between the sequenced regions, may have been 
relatively rapid. This is supported by the recent inclusion and replication 
of the Hind III tandem clusters which are specific to sheep. 
The problem is understanding what "drives" this replication 
process. Evidence against the repeat elements having retroposon origins 
is strong. Retroposition events would be expected to involve autosomes; 
but large regions of these repeats have remained specific to the Y 
chromosome within and between four ruminant species. In addition 
neither long ORFs nor any RNA polymerase promoter-like sequences 
have been found. Likewise, no 5' truncation sites are evident, although 
the sequences obtained may not extend into such regions if they existed. 
The male-specific nature of these repeats may be a consequence of 
genomic flux occurring within the ovine Y chromosome. The order of 
replication of these clusters and their incorporation as a block of repeats 
to become the OYl family is uncertain. They may have begun as a short 
string of Y-specific DNA. A block of approx. 570 bp became duplicated at a 
very early stage, as judged by the lower level of similarity (75%) between 
the present day elements (OYl, OY4 & OY9) and the lack of OY9. l 
hybridisation to the 1.1 kbp BamH I fragment (Figure 3.5b). This process 
of duplication may have created the 132 bp inverted repeats as these show 
the same level of divergence as the 570 bp sequences. A mystery is the 
disruption at the same position, although by different insertions, in the 
570 bp elements isolated. Other disruptions to the main repeating unit 
include: the 46 bp duplication in OYl, the inclusion of sequences in OY3.1 
hybridising to a 4.6 kbp band common to both sexes (Figure 3.3c), the 
inclusion of sequences in OY4.1 which hybridise to the sheep BamH I 
satellite and to a male-specific 2.2 kbp sequence (Figure 3.3d), the BamH I 
site mutation generating the 1.1 kbp fragment (Figure 3.5c), and th e 
inclusion of highly repetitive elements (demonstrated in Figure 2.10). It 
is unknown whether the divergence of the OYl sequence from that of OY4 
and OY9 is due to a deletion, insertion or truncation event. 
The most recent major disruption of the OYl sequence would be 
integration of the tandemly amplified 124 bp sequence defined by Hind III 
restriction sites, since this element is present only in sheep. 
Nevertheless, integration of the cluster may have happened before further 
accumulation of the OYl family, as it is contained within the main 
8.5 kbp hybridising signal. That a large proportion (>50%) of the OYl 
family members may contain this cluster suggests concerted evolution of 
the OYl family in sheep towards those sequences that contain this 
cluster. 
The initial duplication of the OYl-like region must have involved 
the whole 14 - 15 kbp unit for these sequences to have arisen together. 
Since the duplications are confined to a single chromosome, -they must 
have been mediated by homologous pairing and recombination. The 
driving force behind these events is unknown, but as there are only 290 
copies of the OYl family in the sheep the duplication of the conserved 
internal structure may be a consequence of homologous recombination 
and unequal exchange between sister chromatids of the ovine Y 
chromosome. Since the OYl family may represent 4 Mbp of the estimated 
8 - 12 Mbp of the ovine Y chromosome, other repeating units could also be 
involved, e.g. none of the subclones hybridise to the 6 kbp band identified 
by )__QYll (Figure 2.10). 
The repetitive nature of the OYl family and how it has become fixed 
into the ovine Y chromosome is intriguing. Further clues to define the 
mechanisms involved in the replication of OYl units may be derived from 
the characterisation of other ovine Y-chromosomal sequences, in 
particular the PTRs. It would be of interest to analyse the PTRs in detail, 
not only to determine if any of these are retroposons, but also to determine 
if they may be functional peptide coding regions. 
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AND SINES 
4.1 Introduction 
The presence of the mammalian Y chromosome is critical for 
testis-determination and male fertility. Characterising the mechanisms 
involved in these roles has implications for understanding mammalian 
developmental circuits. With such specialised functions and its smaller 
size the Y chromosome is expected to have few coding regions (Goodfellow 
et al., 1985). It is therefore surprising to find six possible transcribed 
regions (PTRs) in the recombinant phage inserts (Figure 2.13) since the 
total amount of insert sequences that was isolated may only comprise 
1.5% of the ovine Y chromosome, assuming a size of 12 Mbp for this 
chromosome. 
If these PTRs do represent genes the possibility exists that there 
may be a multitude of functional regions on the Y chromosome involved 
in the above roles or that the OYl family of repetitive units is associated 
closely with genes. Alternatively, the PTRs may represent pseudogenes 
or retroposon-like elements that have remained on the ovine Y 
chromosome or have integrated into it. That SINEs could be on the ovine 
Y chromosome is implied by the highly dispersed hybridisation to 
genomic DNA by four of the six recombinant phage inserts containing 
PTRs (Figure 2.10). The presence of these elements on the ovine Y 
chromosome may help towards explaining its evolution and size if events 
such as the translocation of human Y-chromosomal regions by 
homologous pairing between repetitive DNA elements (Rouyer et al., 1987) 
occur within the sheep genome. Whether or not the PTRs represent 
genes or repetitive sequences needs to be clarified. 
The two PTRs contained in AOY9 and AOYll (i.e. OY9.4 and OYll.1 
respectively) were chosen for in-depth study: OYll.1 because near single 
copy homologues have been identified in both sexes of many eutherian 
species but is moderately repetitive in male bovids (S. Beaton, pers. 
comm.). Also OYll.1 may be the region of A.OYll responsible for 
hybridisation to the 6 kbp BamH I fragment (Figure 2.10); OY9.4 because 
it allows continuation of contiguous OY9 sequences for intended 
comparison with the OY4 sequence. Characterisation of these PTRs 
through base sequencing and their comparis·on with homologous 
transcribed sequences, cloned from a bull testis cDNA library, revealed a 
second major ovine Y-specific repetitive family and two different SINEs 
that are present on the ovine Y chromosome. The evolution of these 
repetitive elements will be discussed in relation to the processes of 
molecular drive. 
The experimental work presented, particularly with the OYll.1 
study, was on a collaborative basis. K.C. Reed prepared the "zoo blots", 
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i.e. alkaline Southern transfers of male and female genomic DNA 
digested with EcoR I, from various mammalian species. 8. Beaton 
subcloned the the EcoR I PTR fragments into pTZ18u, hybridised these 
subclones to the zoo blots and northern blots, prepared the poly(A+)RNA 
and adult bull testis cDNA library and isolated and sequenced BCYlla, 
BCYllc and BCYl0b. Comparative sequence data were provided by D.A. 
Mann (male bovine and caprine genomic libraries, isolation of phage 
clones from these libraries and the sequencing of caprine OYl 1.1 
homologues) and K.I. Matthaei (isolation and sequencing of bovine 
OYll.1 homologues). The analysis and interpretation of these data were 
of my own undertaking. 
4.2 Materials and Methods 
4.2.1 Materials 
The only material used in addition to those that have been described 
in sections 2.2 and 3.2 is: 
SSPE (lx) : 180 mM NaCl, 10 mM NaH2PO4, 1 mM EDTA, pH 7.4 
(Maniatis et al., 1982). 
4.2.2 Subclone Isolation and Hybridisations 
Those EcoR I fragments that hybridised with the foetal bull testis 
cDNA probe (Figure 2.12; see also Figure 2.13), except the AOY9 fragment, 
were subcloned into pTZ18u. The recombinant plasmids were labelled by 
nick translation and hybridised to zoo blots. In addition to various 
domestic livestock species, mouse (C57BL/6) and human genomic DNA, 
species whose DNA was examined included rat (Rattus rattus rattus L.) 
and three marsupials: possum (Pseudocheirus species), kangaroo 
(Macropus rufus) and tammar wallaby ( Macropus eugenii' ). The 
marsupial DNAs being provided by J.A. Spencer. Hybridisations were 
prepared as described in section 2.2. 7, except that the hybridisation 
solution [10% (w/v) dextran sulphate, 50% (v/v) formamide, 2 x SSPE, 1 % 
(w/v) SDS, 0.5% (w/v) Blotto, 0.5 mg/ml salmon sperm] was adjusted to 
lower the stringency of hybridisation. Hybridisation and washing 
conditions were as described in section 2.2. 7. 
pOYll.1 was hybridised at a higher stringency (as described in 
section 2.2. 7) to BamH I digests of male and female genomic DNA from 
domestic livestock. The moderately repetitive nature of OYll.1 and its 
lack of homology with OYl.1 warranted the estimation of genomic 
abundance by dot blot hybridisation (as described in section 3.2.5). 
pOYll.1 was also hybridised to EcoR I digests of the 11 phage clones to 
determine its relationship with the other male-specific repeats (recall 
section 2.3.7). Finally OYll.1 was re-subcloned into the Sma I restriction 
enzyme site of pTZ18u for sequence analysis (as described in section 3.2.6). 
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pOY9.4 was hybridised (as described in section 2.2. 7) to alkaline 
Southern transfers of male and female genomic DNA from the four 
domestic ruminants (Figure 3.lc) and sequenced as part of the OY9.5 
subclone (Chapter 3). 
4.2.3 Adult Bull Testis cDNA Library Construction 
A cD~A library was constructed from adult bull testis transcripts 
by S. Beaton. RNA was extracted from frozen adult bull testis tissue 
(Cathala et al. 1983) and poly(A+ )RNA was isolated by affinity adsorption 
to oligo(dT)cellulose (Nakazato & Edmonds, 1974). Single-stranded cDNA 
was prepared as described in section 2.2.9 and second strand synthesis 
was based on the method of Gubler & Hoffman (1983). The cDNA was 
blunt-end ligated into Bluescript M13+ (Stratagene) that had been digested 
with Sma I and treated with alkaline phosphatase. It must be noted that 
in addition to 81 nuclease digestion at the end of the double strand 
synthesis, blunt-ended cDNA was prepared by exonuclease III digestion 
for 30 sec at 20 °C, a further digestion with 81 nuclease, and end-filling 
with Klenow polymerase and dNTPs. The cDNA was transformed into 
MC1061.1 cells by electroporation with a modified GenePulser (Bio-Rad) 
that included a 20 Q resistor in series and a 200 Q resistor in parallel with 
the cuvette (Shigekawa & Dower, 1988). Transformed colonies were 
pooled and frozen in 20% glycerol (v/v) as the amplified library. Total 
complexity was approx. 100,000 independent colony forming units. 
4.2.4 Library Replication and Screening 
Approx. 50,000 colonies of the amplified adult bull testis cDNA 
library were spread over six nitrocellulose filters. These were placed onto 
LB agar (1.5% w/v) containing 50 µg/ml ampicillin and the plates 
incubated at 37°C overnight. The colonies were replicated by the method 
of Hanahan & Meselson (1983). Duplicate filters were incubated on LB 
agar (1.5% w/v) containing 50 µg/rnl ampicillin for 5-6 h at 37°C then 
transferred to LB agar (1.5% w/v) containing 200 µg/ml chloramphenicol 
for overnight incubation at 37°C to amplify the plasmid copy number. The 
filters were prepared for hybridisation as described in section 2.2.3.2, 
except that the final rinse was repeated and the filters were 
pre-hybridised at 42°C for 30 min in 100 ml of hybridisation solution (as 
described in section 2.2.3.2) for 12 filters. The hybridisation solution was 
poured into another container, mixed with the appropriate nick 
translated probe (either OYll.1 or OY9.4, i.e. insert only) and the filters 
placed in one at a time. Conditions for hybridisation and washing were 
as described in section 2.2.3.4. Autoradiography was against Kodak XAR 
X-ray film at -70°C with an intensifying screen. 
Colonies in the region of duplicate positive signals were scraped off 
the master filter, dilution spread onto LB agar (1.5% w/v) containing 
50 µg/ml ampicillin, and incubated at 37°C overnight. Portions of single 
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colonies were transferred in duplicate onto nitrocellulo se filters 
overlaying LB agar (1.5% w/v) containing 50 µg/ml ampicillin and the 
bulk was lysed for the rapid detection of recombinant colonies by 
electrophoresis (as described in section 3.2.3.2). Confirmation of 
homologous cDNA inserts was obtained by hybridising, as described 
above, the ovine Y-chromosomal DNA fragment of interest to the 
duplicated colonies. Plasmid mini-preparations were made of positive 
transformants and the isolated cDNA clones were hybridised to alkaline 
Southern transfers of male and female genomic DNA digestions (as 
described in section 3.2.4.2) to test for male-specificity, which could imply 
that the transcripts were from sequences in the Y chromosome. 
4.2.5 Analysis of Genomic and cDNA Clones 
The base sequences of OYll.1 and the cDNA inserts were 
determined as described in section 3.2.6. In addition to DNA sequence 
analysis described in section 3.2. 7, emphasis was placed on determining 
peptide coding regions. This was done by searching for open reading 
frames (ORFs; start to stop codons) and comparing with possible peptide 
coding regions predicted by codon preference (Staden & McLachlan, 1982) 
and positional base preference (Staden, 1984). Window size for both 
predictions was 31; the entire sequence was used as the standard for 
codon preference and absolute scaling was used for positional base 
preference. The sequences were also analysed for many of the eukaryotic 
transcription initiators described in Gluzman (1985) such as TATA box, 
CAAT box, RNA polymerase promoters and enhancer sequences. 
Database searches were compiled for the nucleotide sequences 
using Genbank Release 48 (1987) for BCYlla, Release 57 (September 1988) 
for OYll.1 and EMBL Release 14 (Oct. 1988) for BCY9a & BCY9b. 
Predicted peptide sequences, translated from the nucleotide sequence 
ORFs, were analysed u~ing protein analysis software provided by the 
Gene-Master Version 2 (Bio-Rad). Peptide sequences were compared with 
the NBRF PIR database, either Release 16 (1988) using Wilbur and 
Lipman alignment (Wilbur & Lipman, 1983) or Release 18 (September 
1988) on the Gene-master Version 2 using Lipman and Pearson 
alignment (Lipman & Pearson, 1985). 
4.3 Results 
4.3.1 Hybridisations of pOYll.1 and its cDNA Homologues to 
Male and Female Genomic DNA 
Hybridisation of pOYl 1.1 to a zoo blot (Figure 4. lb) demonstrates the 
highly conserved nature of the OYl 1.1 sequence in both sexes of various 
eutherian species (Figure 4. lb). Strong male-specific hybridisation is 
shown to various fragments in sheep, goat and cattle. The main 
hybridising signals are at approx. 4.0, 4.6, & 18 kbp in male sheep and 4.2, 
(a) 
1.4 
0.8 
(b) 
4.5 
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Figure 4.1 pOYll.1 hybridisation to male and female genomic DNA 
digested with EcoR I 
The electrophoresis of genomic DNA (2-4µg), isolated from male (M) and female (F) sheep 
(S), goats (G), cattle (C), pig, horse (Hor), rat, mouse (Mou), human (Hum), kangaroo (K), 
possum (Pas) and tammar wallaby (VI), that was digested with Eco RI and electrophoresed 
as described in section 2.2, is shown in (a). The alkaline Southern transfer of this gel was 
used for hybridisation with nick translated pOYll.1, from which the autoradiograph is 
shown in (b). Exposure was against Kodak XAR over 6 days. No size markers were run in 
parallel, however sizes shown, in kbp, are the sheep (0.8) and cattle (1.4) satellites in (a) 
and the common male and female hybridisation signal (4.5) in (b). Experimental 
conditions are described in 2.2 and 3.2. [(a) by KC. Reed, (b) by S. Beaton] 
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4.8 & 15 kbp in male cattle. Male goat bands are similar in size to but not 
as intense as those of male cattle (evident in an X-ray exposure shorter 
than that shown in Figure 4.lb). In addition, common male and female 
bands are apparent in the DNA of these species and of the other 
eutherians, but not the marsupials. With more sensitive hybridisation to 
alkaline Southern transfers of cattle genomic DNA digested with EcoR I, 
four bands common to both sexes at approx. 1, 3.5, 4.5 & 6 kbp are 
apparent (D.A. Mann, pers. comm.). 
At least three common male and female bands are evident in pigs, 
horses and humans (Figure 4.lb). The mouse was the only species 
outside of the ruminants that showed male-specific hybridisation to 
fragments other than those common to both sexes. There is only a single 
fragment common to both sexes in the rat, the apparent difference in 
molecular size of the male and female fragments probably being due to an 
overloading artefact (see Figure 4. la). No discrete hybridisation to 
marsupial DNA is shown, indicating that the OYll.1 sequence may be 
peculiar to the eutherians. 
The hybridisation of pOYll.1 to BamH I digests of genomic DNA 
from cattle, sheep and goats at a higher stringency and less sensitive 
hybridisation conditions shows only male-specific signals (Figure 4.2a). 
Most of the hybridisation in male sheep is to approx. 6 kbp fragments 
which is significant as it shows OYll.1 to be the region in lOYll 
responsible for hybridisation to the 6 kbp region seen in Figure 2.10. Weak 
hybridisation to fragments at approx. 8 & 9 kbp and from 13 to 21 kbp is 
shown. Goats appear to show similar bands at 6 kbp and 21 kbp, while 
sheep and cattle share a common 2.15 kbp band. The strongest 
hybridisation in cattle was to fragments at approx. 18 - 20 kbp. 
The intense hybridisation of pOYll.1 to the 6 kbp BamH I fragment 
in male sheep is strikingly demonstrated in Figure 4.2b. The various 
sizes of the male-specific bands in cattle and goats is also evident. 
However no male-specific signals were given for fallow deer; only a band 
common to male and female is seen at approx. 5.5 kbp. A similar 
sex-common band is seen at approx. 5.3 kbp for cattle and 8.2 kbp for the 
more closely related sheep and goats, although in goats the male band 
may be of a slightly higher molecular weight. Additional male-specific 
bands to those mentioned in Figure 4.la are evident in cattle, sheep and 
goats which demonstrates the variation in relative hybridisation 
sensitivities between Figures 4. lb and 4.2a. 
Hybridisation of a pOYll.1 riboprobe to northern transfers of RNA 
from adult and foetal cattle tissues (S. Beaton, pers. comm.) implies that 
OYll.1 is homologous to a sequence transcribed specifically in the adult 
bull testis. Using nick translated OYll.1 to screen for related sequences 
in the adult bull testis cDNA library, two plasmid cDNA clones unrelated 
to each other and named pBCY(bovine cDNA Y-chromosomal related)lla 
and pBCYllc, were isolated and sequenced by S. Beaton. A third clone, 
pBCYllb, was shown to contain sequences common to pBCYlla. When 
hybridised to zoo blots similar to that shown in Figure 4.la, pBCYlla and 
(a) 
23 
9.3 
6.6 
4.4 
2.3 
2.0 
0.6 
0.1 
tB C S G C S G C S G tB 
~FFMFMFMFMFMFMFMFMF~ 
C S G D (b) M F M F M F M F 
23 -
9.3-
6.6-
4.4-
2.3-
2.0-
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Figure 4.2 pOYl 1.1 hybridisations to cattle, sheep, goat and fallow deer genomic DNA digested with BamH I 
Autoradiographs of nick translated pOYl 1.1 hybridised to the alkaline Southern transfers of similar gels to those shown in figure 3. lb for 
(a) and figure 3. lc for (b), except female DNA was loaded in the first cattle lane of (a). Size markers OJH), in kbp, are or were from ').., 
phage DNA djgested with Hind III and end-labelled. The exposure times against Fuji RX were 10 days for (a) and 5 days for (b). Signals 
at the top of the goat and deer lanes in (b) were due to non-specific hybridisation. Experimental conditions are described in sections 2.2 
and 3.2. (M : male; F : female; C : cattle; S : sheep; G : goats; D : fallow deer). · 
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pBCYllc show a similar pattern to OYll.1 in both sexes of the 
ruminants, except that the sensitivity of the main hybridising signals is 
not as great (S. Beaton, pers. comm.). pBCYllc, but not pBCYlla, 
detected sex-common bands in the other eutherian species and also in the 
marsupials. However, again this may be a sensitivity artefact as 
homologues to BCYlla have been clearly shown in male and female 
humans (R.P. Erickson, pers. comm.). 
4.3.2 Quantification of OYll.1 
Table 4.1 shows the approximate copy numbers of the OYll.1 
sequence in the four domestic ruminant species, determined from dot blot 
hybridisation (Figure 4.3) by comparison with known amounts of plasmid 
DNA. These results confirm OYl 1.1 as being moderately repetitive in 
cattle, sheep and goat males and virtually single copy in the females of 
these species and in both sexes of fallow deer. 
4.3.3 Comparative Sequence Analysis of OYll.1 and its 
Homologues 
4.3.3.1 OYll.1 Base Sequence 
The sequence of OYl 1.1 is 3983 bp and comprises 42% G+C 
(Appendix 4). Analysis of this sequence reveals a 1632 bp ORF from nts 
432 to 2064. Both codon usage and positional base preference indicate a 
high probability that this same region comprises a peptide coding 
sequence (results not shown). The translated sequence of this ORF 
predicts a peptide of 61,527 molecular weight with an overall charge at pH 
7 .0 of +6 (Figure 4.4). A distinctive hydrophilic region is evident over the 
first 45 amino acids. Neither complete eukaryotic initiating signals 
leading into nor a poly-adenylation site following the ORF have been 
found. However the search for repetitive elements identified imperfect 
17 bp flanking direct repeats beginning at nt 337 and nt 2423 (Appendix 4; 
see also Figure 4. 7). The long ORF and flanking direct repeats are 
suggestive of the OYll.1 ORF being an integrated processed pseudogene, 
implying that this putative gene sequence must have been transcribed at 
some stage. Other sequence features of interest are two 15 bp inverted 
repeats flanking the last third of OYll.1 from nts 2360 to 3614 (Appendix 
4; see also Figure 4. 7). 
4.3.3.2 Comparisons with Cattle and Goat Homologues 
Five cattle and two goat homologues of the OYll.1 sequence were 
isolated and sequenced by D.A. Mann and K.I. Matthaei. These 
homologues were sub-cloned from Hind III digests of phage clones 
derived from their respective genomic libraries and named BRY 4A to E 
for the cattle homologues and GRYlA and B for the goat homologues. 
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Figure 4.3 Dot blot hybridisation of OYl 1.1 to genomic 
DNA of domestic livestock species 
Gel-purified OYll.l (linear EcoR I fragment only) was nick translated and 
hybridised to a dot blot prepared with doubling dilutions of denatured genomic 
DNA, isolated from blood lymphocytes of male (M) and female (F) cattle (C), 
sheep (S), goats (G) and fallow deer (D). The DNA samples were applied to 
Zeta-Probe membrane under vacuum. CsCl-purified plasmid DNA (pTZ18u 
and pOYll.1) was applied as negative and positive controls. The quantity of 
genomic and plasmid DNA is shown on either side. Autoradiograph exposure 
was against Fuji RX for 22 h. Experimental conditions are described in section 
3.2.5. 
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I Table 4.1 Approximate copy numbers of OYl 1.1 in domestic ruminants I 
Male Female 
Cattle 1000 nsc 
Sheep 1000 nsc 
Goats 200 nsc 
Deer nsc nsc 
nsc = near single copy 
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starts at nt # : +432 number of amino acids : 544 
molecular weight: 61527 approx. charge at pH 7.0 : +6 
1 met-glu-leu-pro-arg-met-leu-arg-glu-glu-glu-gln-glu-pro-glu-
16 Y.a..l-arg-lys-arg-glu-gly-glu-thr-lys-glu-val-asp-asp-asp-asp-
31 asp-glu-val-ile-leu-val-gly-val-glu-his-gly-asn-glu-asp-ala-
46 asp-val-ile-phe-val-gly-met-ser-ser-ala-ser-lys-pro-val-val-
61 ser-asn-ile-leu-asn-arg-asp-thr-pro-gly-ser-tyr-ser-arg-arg-
76 lys-arg-cys-gly-his-phe-arg-arg-gly-asn-ala-his-arg-leu-gln-
91 pro-val-ser-his-val-thr-pro-thr-ser-glu-ala-lys-thr-val-leu-
106 pro-val-ser-asp-ser-asp-ser-arg-ser-thr-gly-ser-pro-i le-ile-
121 ile-glu-ser-pro-ser-gln-ala-asp-tyr-lys-asn-leu-ser-pro-gln-
136 ile-val-pro-asp-gly-phe-ser-lys-glu-leu-cys-ser-ser-leu-ile-
151 thr-phe-thr-arg-ser-leu-gln-his-pro-val-glu-thr-ala-val-ser-
166 ala-gly-asp-met-asn-lys-ser-pro-his-val-ser-lys-arg-val-ser-
181 pro-cys-glu-thr-asn-arg-arg-asn-pro-arg-arg-pro-lys-leu-ser-
196 asp-gly-ile-val-gly-glu-his-ser-leu-gly-phe-ser-pro-ser-arg-
211 phe-phe-his-thr-glu-thr-thr-gln-gln-ser-thr-pro-asp-arg-val-
226 his-thr-ser-leu-ser-his-val-gln-asn-gly-glu-pro-cys-pro-thr-
241 pro-phe-pro-lys-asp-ser-val-his-cys-lys-pro-val-arg-pro-leu-
256 gly-glu-ser-gly-arg-thr-lys-thr-asp-phe-pro-ser-leu-ala-ser-
271 pro-asn-lys-ile-gly-asp-pro-thr-glu-gly-asn-leu-ile-val-leu-
286 leu-his-asp-phe-tyr-tyr-gly-glu-his-gly-gly-val-gly-gln-pro-
301 glu-ala-lys-thr-his-thr-ala-phe-lys-cys-leu-ser-cys-leu-lys-
316 val-leu-lys-asn-val-lys-phe-rnet-asn-his-met-lys-his-his-leu-
331 glu-leu-glu-arg-gln-arg-gly-asp-ser-trp-lys-thr-his-thr-thr-
346 Cys-gln-his-Cys-leu-arg-gln-Phe-pro-thr-pro-phe-gln-Leu-gln-
361 cys-His-ile-glu-ser-val-His-thr-ala-gln-glu-pro-ser-ala-val-
376 Cys-his-ile-Cys-glu-leu-ser-Phe-glu-thr-asp-gln-val-Leu-leu-
391 glu-His-met-lys-asp-asn-His-lys-pro-gly-glu-met-pro-tyr-val-
406 Cys-gln-val-Cys-ser-tyr-arg-~-ser-phe-phe-ala-asp-val-asp-
421 ala-His-phe-arg-ala-tyr-His-gly-asn-thr-lys-asn-leu-leu-----
435 Cys-pro-phe-Cys-leu-lys-ile-Phe-gln-thr-ala-thr-ala-t~r-arg-
450 arg-His-his-arg-gly-----His-trp-glu-lys-ser-phe-his-gln-----
463 Cys-ser-lys-Cys-arg-leu-gln-Phe-leu-thr-thr-lys-glu-~-arg-
478 glu-His-lys-thr-gln-cys-His-gln-met-phe-lys-lys-pro-lys-gln-
493 leu-glu-gly-leu-ser-pro-glu-thr-lys-ile-phe-ile-gln-val-ser-
508 met-glu-pro-leu-gln-pro-gly-leu-val-glu-val-ala-ser-val-thr-
523 val-asn-thr-ser-asp-phe-glu-ser-ser-pro-pro-lys-ser-lys-arg-
538 arg-arg-ser-lys-lys-glu-lys-STOP 
ala: 18 (3.0%) arg: 35 (6.0%) asn: 17 (3.0%) asp: 25 (5.0%) 
cys: 19 (3.0%) gln: 25 (5.0%) glu: 42 (8.0%) gly: 28 (5.0%) 
his: 32 (6.0%) ile: 16 (3.0%) leu: 37 (7.0%) lys: 38 (7.0%) 
met: 10 (2.0%) phe: 25 (5.0%) pro: 40 (7.0%) ser: 53 (10.0%) 
thr: 36 (7.0%) trp: 2 (0.0%) tyr: 8 (1.0%) val: 38 (7.0%) 
Figure 4.4 OYll.1 theoretical peptide sequence 
I 
Theoretical peptide sequence translated from the OYll.1 open reading frame nucleotide 
sequence and its amino acid composition is shown. Underlined amino acids from residues 9-
44 are asp- and glu-rich clusters homologous to BCYllc. The bold phe at residue 152 is where 
homology with BCYlla begins and the bold met at residue 169 indicates the start of the putative 
BCYlla open reading frame. Italicised Cys from residue 34 7 show the start of each of the five 
zinc-binding motifs. Amino acids in capitals following the Cys indicate the repeated amino 
acid structure associated with zinc finger-like repeats. Underlined amino acids indicate one 
base substitution, dotted underlines indicate complete codon change. Dashed lines between 
some residues are included to align the Cys and His zinc-binding motifs. The standard three 
letter code for amino acids is used. 
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Between themselves the BRY 4 sequences have >94% nucleotide similarity 
and the two GRY sequences are identical. BRY4C and GRYlA were 
chosen as representatives of the bovine and caprine sequences for 
comparison with OYll.1. 
OYll.1 and BRY4C show 85% nucleotide similarity, except for a 
293 bp insert in the cattle sequence indicated by the dot matrix comparison 
in Figure 4.5a. This cattle insert is positioned at the equivalent OYll.1 nt 
2412 which is adjacent to the right-hand flanking direct repeat (Appendix . 
4; see also Figure 4. 7). This cattle insert was named BRY 4CART as its 
base sequence is nearly the same as that of the Alu-like artiodactyl c 
dimer repeat (c1 -linker-c2-(AGC )n elements; i.e. artc) described by 
Watanabe et al. (1982). Despite the homology between OYll.1 and BRY4C 
and that the BRY 4C sequence contains a start and a stop codon at the 
same relative positions as in the OYll.1 ORF, no long ORF is present in 
the BRY 4C sequence. Instead there are broken reading frames in 
different phases, suggesting these cattle pseudogene representatives have 
been evolving differently. The short direct and inverted repeats, except 
the right-hand inverted repeat, are also present in the BRY4C sequence 
with some base differences. 
The OYll.1 and GRYlA sequences show 96% nucleotide similarity 
as indicated by the dot matrix in Figure 4.5b. The homology begins at nt 
1179 of OYll.1 where there is an imperfect Hind III restriction enzyme 
site (Appendix 4). As indicated in Figure 4. 7, the ORF is present in 
GRYlA from the start of the sequence to an in-phase stop codon near the 
same position as the OYll.1 ORF stop codon. The direct and inverted 
repeats are also present in the GRYlA sequence without base changes. 
4.3.3.3 Comparisons with Adult Bull Testis cDNA Clones 
BCYlla is 1274 bp with 88% nucleotide similarity to nts 884-2167 of 
the OYll.1 sequence (Appendix 4; see also Figure 4.6a). Comprising the 
bulk of BCYlla (nts 2-1181) is an ORF which, when translated, has 80% 
amino acid similarity to the OYll.1 ORF from the Phe at residue 152 to 
the stop codon (Figure 4.4). Downstream from this Phe is a Met at residue 
169 with the 18 amino acids from the Phe to the Met being identical for the 
OYll.1 ORF and BCYlla translated sequences. It is not known whether 
this Met is the start of the putative BCYl la peptide or if the real start 
codon is further upstream, but was removed by exonuclease III during 
cDNA library construction. If the BCYlla peptide does start at this Met 
(as indicated in Figure 4. 7), the sequence would code for a 42,089 
molecular weight peptide of +15 charge at pH 7.0. 
The BCYllc insert of 172 bp shows little resemblance to the OYll.1 
and BCYlla sequences except for three small clusters of (GPuPu)n at the 
start of the OYll.1 ORF (Figure 4.6b). A partial ORF constitutes most of 
the BCYllc sequence from a Met at nt 23, but the sequence ends before a 
stop codon of a putative peptide. This short 49 amino acid sequence 
contains 26% Asp and 24% Glu, i.e. 50% acidic amino acids. The 
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Figure 4.5 Dot matrix comparison of OYll.1 with bovine and caprine ¥-chromosomal 
homologues 
The nucleotide sequence of OYll.1 is compared with the cattle BRY4C (a) and goat GRYlA (b) homologues using the 
DIAGON dot matrix algorithm (Staden, 1982). In both cases the open reading frame in OYll.1 is indicated by the 
joined arrows on the OYll.1 axis. That the homology with BRY4C is broken by a 286 hp insert in cattle is shown in (a) 
. as indicated by the joined arrows on the BRY 4C axis. In (b) it is shown that the whole of GRYlA is contained within the 
OYl 1.1 sequence and that the GRYlA sequence begins within the open reading frame as indicated by the line and 
arrow on the GRYlA axis. The divisions on the axes are 1/20 increments. Alignment parameters are shown 
underneath. 
t,J 
~ 
0 
(a) 
OYll.1 (nts 856-2190) 
I I I I I I I I I I I I I I I I I I I I 
-
., 
-
-- : ' . ... . 
.... ,. 
I 
• 
I • • 
- .. 
. . . "'· - • I •• .. 
. ~ \ . 
I •"- '• 
• I'\. ,.-._ I. 
... 
, . 
· .... 
I 
,· .. . 
. . '._·· en -
.+-) ... ·- I • • 
·- ...... Q -
~ -, !• t- - . . . 
~ ··-· 
. . 
I 
rl 
'---' 
.... 
• 
'I 
~ ' I._ I 
I ' • • 
\ I \ 
. . 
.. 
cd I , • • 
rl - . . · 
. . : 
.. '·-~; . 
I • • I ,, - - •• rl - .. 
~ 
0 i:Q -, .. 
• • I 
... • I • • • 
.. . .. . .. . 
• • • • "'•• 'I • I 
' - .. , .. 
. .,.. - . 
. -
• I '•'\•· •••,• I • IJ I • • 
- . .. .. . . 
. . -
. . . . . 
.,, 
. . . . . .. ·,.:. 
. - - ·, ·- ~--I ••• ' I • -: •, I I I 
I 
Search element length: 10 nts 
Max. no. of mismatches : 2 nts 
,.-._ 
en 
.+-) 
Q 
~ 
t-
rl 
'---' 
u 
rl 
rl 
~ 
0 
i:Q 
I I 
"· 
-
-
' 
- ·, 
-
-
-
- '. 
-
~, 
(b) 
OYll.1 (nts 418-577) 
I I I I I I I I I I I I I I I I 
·, '\ .. 
\ .. 
' 
' 
\. 
.. ' 
... 
•,'I, .. ' 
.. .. ·, 
" 
.. 
·,' 
.. ·, -
.. :~~-'-- ~~ 
' ' --~~··. ~~;:-~,- ~,-.,, 
-~ 
··--~,, 
.. ,y 
' 
... ,_ 
... 
.. 
.. 
... .. 
.. 
' 
' 
..... 
' ". 
' 
' 
.. 
,: :~~:''- '· '., 
., 
.. 
·, 
'· 
' 
"· ~~~~~ .. '::-:'\. 
:, .. ,-,~-.;,· .. ::,.~ ..... ·,',::· 
Search element length : 10 nts 
Max. no. of mismatches : 3 nts 
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Nucleotide sequences of OYll.1 and two related adult bull testis cDNA transcripts, BCYlla & c, are compared 
using DIAGON dot matrix algorithm (Staden, 1982a). 'I'he region of close similarity of OYl 1.1 to the open reading 
frame of BCYlla is indicated by the joined arrows in (a). That the homology continues from either end 
comprising all ofBCYlla is also shown, but this does not include the flanking direct repeat present in OYll.1. In 
(b) the blocks of related (GPuPu) sequences (indicated by the arrows) are the only regions of homology between 
OYll.1 and BCYllc. The divisions on the axes are 1/20 increments. Alignment parameters are shown 
underneath. 
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homologous clusters mentioned above correspond to Asp- and Glu-rich 
regions of the OYll.1 putative peptide (Figure 4.4). Other than these 
clusters, no corresponding cDNA sequences have been isolated for that 
portion of the OYll.1 translated ORF from residues 1 to 152. 
Genbank database searches with OYll.1 and BCYlla sequences 
did not show significant matches. When the amino acid sequence of the 
translated BCYlla ORF was compared to the PIR database (release 18), 
significant matches were found (z scores 12.08 to 17 .28) to the serendipity (Vincent et al., 1985) and Krilppel (Rosenberg et al., 1986) gene products of 
Drosophila melanogaster, the peptide structures encoded by the mouse 
mkr-1 &-2 (Chowdury et al., 1987) and krox-4 (Chavrier et al., 1988) genes, 
human finger proteins of Pannuti et al. (1988), and Xenopus laevis finger 
protein clone XLcOF22 (Koster et al., 1988). Lipman-Pearson alignment 
revealed that it was the region corresponding to the repeated zinc-binding 
motif, Cys-X2-Cys-X3-Phe-X5-Leu-X2-His-~_4-His (where X= any amino 
acid), that was similar. Outside of the zinc-binding array there were no 
amino acid similarities and even within the zinc-binding domain (i.e. the 
Xn) the conservation was poor. The zinc-binding domain of putative 
BCYlla peptide consists of five repeats which are represented in the 
translated OYll.1 ORF sequence from the Cys at residue 346 to the His at 
residue 484 (Figure 4.4). The zinc-binding domain is also present in 
GRYlA and BRY4C translated reading frames, shown diagrammatically 
in Figure 4. 7. 
A PIR database search with the putative BCYl lc peptide did not 
produce any statistically significant scores. However possibly biological 
significant matches were found (z scores of 6.11 to 6.24, 23% amino acid 
identity) to residues 16 - 58 of non-muscle tropomyosins from human (MacLeod et al., 1985) and rat (Yamawaki-Kataoka & Helfman, 1985) 
fibroblasts. Another interesting match (z score of 5.98, 29% identity) was 
to rat prostatic spermine-binding protein precursor (Chang et al., 1987) at 
residues 267 - 314 which are contained within the rich Glu and Asp 
region of this peptide. The biological significance of these matches i& 
uncertain because the short length of the BCYl lc translated sequence 
allows it to match with Asp- and Glu-rich regions; it is not at all clear 
that BCYllc is translated in vivo. 
The putative OYll.1 peptide sequence comprising the first 168 
amino acids did not match to any peptides in the PIR database. The 
nominal amino acid sequences of OYll.l, BCYlla and BCYllc were 
compared with the published ZFY (Page et al., 1987b) and Zfy-1 (Asworth 
et al., 1989) peptide sequences using Lipman & Pearson algorithm. Again 
it was only the zinc-binding domain that showed significant similarity. 
4.3.3.4 Summary of OYll.1 Homologues 
The relationships of the OYll.1 sequence to its homologues from 
the bovine and caprine genomic and cDNA libraries are summarised in 
Figure 4. 7. These maps were aligned to emphasise the conservation of 
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Figure 4. 7 Structural maps of OYl 1.1 and its genomic and cDNA homologues from cattle and goats 
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Sequence and dot matrix analyses are summarised in this diagram which shows the relationships between OYll.1, the bovine and caprine genomic 
homologues BRY4C & GRYlA, and the two adult bull testes cDNA clones BCYlla and BCYllc. The thick black line represents the extent of homology 
between the different clones with non-homologous regions indicated by the striped line. Long open reading frames, start to stop codons, are indicated by the 
filled in boxes, with similar and disimilar sequences represented by the shadings used. Dashed lines relate the three (GPuPu) clusters to BCYllc, the rest of 
the clone being unrelated. In contrast BCYlla is closely related to OYll.1 and GRYlA. Translation the base sequence identified a putative peptide 
containing five repeats of zinc-binding domains (5 x ZF) within the OYll.1, GRYlA and BCYlla open reading frames. Also shown are the positions of the 
direct repeats (DR), inverted repeats (IR) and the BRY4C insert. Scale and headings are as shown for the OYll.1 map. Restriction enzyme sites, indicated 
below the thick black line are E : EcoR I and H : Hind III. 
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important features shared by these sequences: the long ORF, in 
particular the five zinc-binding repeats; the Glu/Asp clusters of the 
putative peptide; the direct and inverted repeats. The insertion site of the 
artc repeat in BRY 4C is also shown. There is an obvious need t o obtain 
the full length cDNA homologue and its functional genomic sequence to 
complete these comparisons. 
4.3.4 Hybridisations of p0Y9.4 and a cDNA Homologue to 
Male and Female Genomic DNA 
Dispersed hybridisation is shown by pOY9.4 to larger molecular 
weight DNA fragments in both sexes of domestic ruminants (Figure 
4.8a), which implies that OY9.4 contains a repetitive element.· This 
supports the notion that the OY9.4 PTR may be a SINE. The strongest 
male-specific signals are given by the 5.5 & 8.5 kbp fragments in sheep; 
this most likely being a consequence of a single copy of the 124 bp Hind III 
tandem repeat being present in OY9.4 due to an imperfect Hind III site. 
Male-specific signals are also seen as numerous bands above 7 kbp in 
cattle, above 4.6 kbp in goat and to a series of bands in fallow deer from 2.3 
to 4 kbp. OY9.4 also hybridises to the 3.6 & 3.8 kbp doublet in both sexes of 
cattle (Figure 4.8a). 
4.3.5 Comparative Sequence Analysis of OY9.4 and its cDNA 
Homologues 
4.3.5.1 OY9.4 Sequence Analysis 
As described earlier (Chapter 3) no similarities with OY9.4 were 
found from known sequences in the Genbank database (Release 57). 
Analysis of the OY9.4 sequence for direct and inverted repeats did not 
reveal any significant features. The search for a peptide coding region 
within OY9.4 proved equally fruitless. Only short open reading frames 
exist; the longest represents 108 amino acids from OY9 nts 7751 to 8075 (Appendix 3). A database search (PIR, Release 16) with the translated 
sequence of this ORF was fruitless. Possible reading frames were not 
confirmed by codon preference, nor by positional base preference 
analyses. No eukaryotic transcription initiation sites were found and 
even the A-rich (56% ATPs) 3' end of OY9.4 is present as interrupted 
blocks. All of these factors led to the conclusion that the PTR of OY9.4 is 
not a gene sequence. 
4.3.5.2 OY9.4 cDNA Homologues 
Hybridisation of OY9.4 to the adult bull testis cDNA library 
identified 32 positive signals of varying intensity. The six strongest 
hybridising signals were chosen for second round screening and 
purification. Subsequently three cDNA plasmid clones were isolated and 
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Figure 4.8 Comparison of the pOY9.4 & pBCY9a hybridisations to BamH I digests of cattle, sheep, goat and fallow deer 
genomic DNA 
Autoradiographs of nick translated pOY9.4 (a) and pBCY9a (b & c) hybridised to alkaline Southern transfers of similar gels to that shown in figure 3. lc. 
Exposure against Fuji RX at room temperature without an intensifying screen was 7 days for (a & b) and 20 h for (c). Size markers OJH), in kbp, are "A 
phage DNA digested with Hind III and labelled by the addition of A phage DNA to the nick translation preparation. Experimental conditions are 
described in sections 2.2and 3.2. (M : male; F : female; C : cattle; S : sheep; G : goats; D : fallow deer) 
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two of them, pBCY9a and pBCY9b, were sequenced (Appendices 5 & 6). It 
must be stressed that despite BCY9a & BCY9b sharing ovine 
Y-chromosomal sequences, it can not be assumed that these transcripts 
are from the bovine Y chromosome. pBCY9a shows extremely intense 
dispersed hybridisation to genomic DNA digestions of both sexes from the 
four ruminant species (Figure 4.8b). The signals at approx. 0.8 kbp in 
sheep and goats probably come from the BamH I satellite. A shorter 
exposure of this filter reveals strong hybridisation to the cattle 3.6 & 
3.8 kbp doublet (Figure 4.8c). 
4.3.5.3 Sequence Comparisons of OY9.4 and its Homologues 
Both BCY9a and BCY9b share sequences similar to OY9 nts 
7741-8087 and 78_11-8087 respectively (Appendix 3). This corresponds 
exactly to the longest ORF found in the OY9.4 region described earlier. As 
shown in the dot matrix comparisons (Figures 4.9a & b) the shared region 
is not continuous. The nucleotide similarity between the OY9 and BCY9 
sequences over this region is only 67%. Also BCY9a and BCY9b do not 
give the same homology matrix pattern (Figure 4.9c). These two cDNA 
clones are different, their only s_imilarity (at 76%) being within the region 
of homology with the OY9 sequence. 
The BCY9a (1472 nts) and BCY9b (525 nts) cDNA sequences contain 
no significant open reading frames in either orientation. However 
significant matches for the BCY9a and BCY9b nucleotide sequences were 
found when compared with the EMBL (Release 14) and Genbank (Release 
48) databases. BCY9a (nts 255-773) and BCY9b (nts 70-314) respectively 
show 77% and 85% similarity to the 538 bp artiodactyl 2 repetitive sequence 
(art2(#3); Duncan, 1987). Other sequence similarities within the above 
BCY9a and BCY9b art2 regions are related to the dispersal of the art2 
repeat in DNA sequences isolated from domestic livestock. These include 
the art2(#2) repeat (Duncan, 1987), calf acetylcholine receptor (AChR) 
a-subunit precursor (Noda et al., 1983), bovine ~-globin psi-1 & 3 
pseudogenes (Brunner et al., 1986), and bovine 1. 709 satellite DNA 
(Skowronski et al., 1984). The nucleotide similarity with BCY9b is 
consistently higher than to BCY9a, although over a shorter length. A 
notable feature is the exact positioning of the art2 repeat from AChR to the 
same sequences of BCY9A as was shown by the OY9 homologous region 
(see Figure 4.12). 
In addition to the above matches, >85% similarity is shown by 
BCY9a (nts 895-1025) to the artc2 element (Watanabe et al., 1982) and 
related sequences in the repeat region c of intron a and the repeat region d 
of intron b of the bovine pro-opiomelanocortin (pomc) gene (Watanabe et 
al., 1982), caprine ~-A & C globin genes (Spence et al., 1985), embryonic 
~-globin El gene (Shapiro et al., 1983) and embryonic ~-globin EV 
pseudogene (Shapiro & Lingrel, 1984), and ovine gen~s f9r B2 high 
sulphur keratin (Powell et al., 1983). The goat, sheep and cattle pomc 
region d sequences are all missing the (AGC)n tail. 
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Figure 4.9 Dot matrix comparison of OY9 and bovine cDNA homologues 
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The nucleotide sequences of the possible transcribed transcribed region of OY9 and two related adult bull testis cDNA transcripts, BCY9a and 
BCY9b, are compared using the DIAGON dot m~trix algorithm (Staden, 1982a). Only the homologous regions are shown as indicated by the 
nucleotide positions (Appendices 3-5). The related sequences from both BCY9a (a) and BCY9b (b) correspond to a predicted open reading frame 
present in OY9.4 (joined arrows). In (c) is the comparison of BCY9a and BCY9b showing that these two cDNAs are different but share related 
sequences. The divisions on the axes are 1/20 increments. Alignment parameters are shown underneath. 
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The last 71 bp in the art2 homologous region of BCY9b is similar to 
a 71 bp portion of the artc1 sequence (Watanabe et al., 1982) and related 
71 bp sequences contained within the artc2 matches for BCY9a. In other 
words the art2 and artc repeats share a conserved 71 bp region present in 
all of these art2 and artc type repeat s. A consensus 71 bp sequence has 
been derived from comparison of the bovine dispersed r epetitive 
sequences, either isolated in this laboratory or previously published, 
which is homologous to the 71 bp region present in BCY9b (Figure 4.10). 
This consensus is com-pared with the equivalent region in OY9 to indicate 
the conserved, but still variable nature of this repetitive element. 
Two other statistically significant database matches are with bovine 
leukaemia virus (BLV; Saga ta et al., 1984) to BCY9a (nts 63-107; 89% 
similarity) and the SV 40 site of integration (Sambrook et al., 1979) to 
BCY9b (nts 271-314; 86% similarity). Incidentally this SV40 match lies 
within the conserved 71 bp sequence (Figure 4.10). Closer examination of 
these sequences reveal that homology with the BLV sequence is to the 
flanking cellular DNA sequences leading up to the 5' LTR. The homology 
with SV 40 is to the 40 bp insert of undetermined origin lying between two 
SV 40 fragments integrated in the opposite orientation in transformed rat 
cells and includes the flanking 2 bp of SV40 sequence. Hence neither of 
these comparisons are to the viral sequences. 
Other interesting features of the BCY9 transcripts include the 61 bp 
imperfect inverted repeats flanking the first half of BCY9a and adjacent to 
the 71 bp conserved sequence and 11 bp direct repeats flanking the artc2 
element (Appendix 5; see also Figure 4.12). This later observation 
suggests an integration event for the artc2 element. 
4.3.5.4 Sequence Comparisons with BCY10b 
These comparisons are included to demonstrate the dimer 
structure of the artc repeat. pBCYl0b, an adult bull testis cDNA clone 
related to OYl0.1 (Figure 2.13), was isolated and sequenced by S. Beaton. 
When hybridised to a zoo blot similar to that shown in Figure 4. l a , 
pBCYl0b gave a dispersed pattern, similar to that shown in Figure 4.8b, 
to male and female genomic DNA from cattle, sheep and goats (S. Beaton, 
pers. comm.). No hybridisation was shown to the other mammalian 
species on the zoo blot. As well BCYl0b was mapped to th e four 
recombinant phage clones that showed dispersed hybridisation to 
genomic DNA (Figure 2.10). 
The 319 bp sequence of BCYl0b has 87% and 96% nucleotide 
similarity with BRY4CART and artc sequences respectively. Thus 
BCYl0b is also a member of the artiodactyl Alu-like family of dispersed 
repetitive elements. Dot matrix comparison of the BCY9a and BCYl0b 
sequences demonstrates the dimer structure and better conserved right-
hand monomer of these elements (Figure 4.lla). The remnants of an (AGC)n region is shown beyond the 71 bp region in the art2 sequence of 
BCY9a. 
., 
1 11 21 31 41 51 61 71 
OY9 ATGGACAGGGAAGCCTGCAGCGCTGCAGCCCATGGGTCGCCAAG.AATACGACACAACTGAGCAACAGAACA 
• • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 
Consensus ATGGACAGAGGAGCCTGGTA-GCTGCAGTCCATGGGGTCGC-AAGAGT-GGACACGACTGAGCGACTTTACT (Bovine) 
BCY9a AAGGATAGAGGAGCCTGGCATGCTGAAACCCCTGGGGTCACAAAGAATTGGACACCACTTAGCGACAGAACA 
BCY9b ATGGACAGGGAAGCCTGGGGTGCTGCAGTCCGTGGGGTGGCAAAGAGTCGGACATGACTCAACGACAACACT 
BCY10b ACGGACGGAGGAGCCTGGTAGGCTACAGTCCATGGGGTCGCTAAGAGTCAGACACGACTGAGCGACTTCACT 
BRY 4CART ACGGATGGAGGAGCCTGGTGGGCTGAAGTCCATGGGGTTGCTAAGAGTTGGGCACGACTGAGTGACTTCACA 
artc1 ATGGACAGAGGAGCCTGGTAGGCTGCAGTCCATGGGGTCGCTAAGAGTCAGACACGACTGAGCGACTTCACT 
art2(#3) ATGGACAGGGAAGCCTGGCATGCTGCAGTCCATGGGGTTGCAAAGAATTGTACACAACTGAGCCACTGGACT 
Figure 4.10 Conserved 71 bp sequence between artc and art2 in sheep and cattle clones 
Nucleotides in 
Sequence 
(8016-8087) 
(719-790) 
(269-340) 
(53-124) 
(52-123) 
(109-179) 
(80-9) 
Comparison of the 71 bp region of OY9 homologous to that portion of the artiodactyl repeat consensus sequence derived from the dominant nucleotide 
at each position of bovine cDNAs BCY9a, BCY9b, BCYl0b (S. Beaton) and bovine genomic DNAs BRY4CART (K.I. Matthaei), artc1 (Watanabe et 
al., 1982), art2(#3) (Duncan, 1987). The underlined nts in BCY9b indicates the SV40 integrated sequence of unknown origin (Sambrook et al., 
1979). The underlined nts in artc1 are a portion of those described by Watanabe et al. (1982) as being homologous to human and rat repetitive 
sequences. The double underline represents the region shown by Watanabe et al. (1982) with homology to the replication origins of human BK 
virus and simian virus 40. ( • denotes matching nucleotide; - denotes no dominating nucleotide). 
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Figure 4.11 Dot matrix comparison of bovine ¥-chromosomal and cDNA sequences 
I~ 
The base sequences of adult bull testes cDNA transcripts BCY9a and BCYl0b, isolated by their homology with OY9.4 and OYl0.1 
respectively, are compared using the DIAGON dot matrix algorithm (Staden, 1982a). Only that portion of the BCY9a sequence related 
to BCYl0b was compared in (a). The conserved 71 bp (left) and artc (right) sequences are indicated by the joined arrows underneath 
the bottom axis. The closely related nature of the ruminant dimer repeats is shown in (b) with the comparison of the two bovine 
repeats BCYl0b and BRY4CART, the insert sequence present in bovine OYll.1 homologues. The dimer structure is indicated by the 
joined arrows. The variable nature of the left-hand repeat is highlighted in (b), which also shows conservation of the dimer ]inking 
sequences between the two repeats. The single arrows point to the (AGC) tail which is more extensive in (b). The divisions on the axes 
are 1/20 increments. Alignment parameters are shown underneath. 
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Figure 4.12 Structural maps of isolated sequences associated with the OY9.4 possible transcribed region 
Sequence and dot matrix analyses are summarised in this diagram showing the relationships between the OY9.4 possible transcribed region, two re]ated 
cattle cDNA clones BCY9a and BCY9b, and the ruminant dimer repeat BCYl0b. The extent of homology between the sequences is indicated by the solid 
black line or filled-in boxes with non-homologous regions indicated by the striped line. Boxes with ? indicate the BLV and SV40 related sequences of 
uncertain significance in BCY9a and BCY9b respectively. The scale is shown for each sequence. (ORF : open reading frame, DR : direct repeat, IR : 
inverted repeated; AChR : acetylcholine receptor). 
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Since BCYl0b does not hybridise to pig genomic DNA the term 
"artiodactyl repeat" is a misnomer. Additionally, the term bovine dimer 
family (Skowronski et al., 1984) is too restrictive. Therefore the artc-
related dimer repeats are designated herein as the "ruminant dimer 
family" (RDF). The dimer structure of these highly repeated elements, as 
well as the conserved linking and (AGC)n sequences, are shown by the dot 
matrix comparison of the BCYl0b and BRY4CART sequences (Figure 
4.llb). It is significant that BCYl0b is the first member of the RDF to be 
isolated as a cDNA transcript, thereby confirming the transcription of 
these elements in vivo. 
Summarising the database searches and sequence comparisons (Figure 4.12), contained within BCY9a are full copies of the art2 and artc2 
elements, separated by 122 bp of unrelated sequence. BCY9b contains a 
truncated, but more similar version of art2. At the right-most end of this 
art2 sequence is a 71 bp sequence conserved throughout the known art2 
and artc repeats. These results in turn indicate that the PTR in OY9.4 
belongs to the art2 family of repetitive sequences. 
4.4 Discussion 
The two PTRs contained within OYll.1 and OY9.4 gave opposite 
patterns when hybridised to male and female DNA. OYll.1 was shown to 
be moderately repetitive in male cattle, sheep and goats and near single 
copy in the females and in both sexes of fallow deer. As well part of the 
OYll.1 sequence hybridises to discrete fragments of both sexes from other 
eutherian species (Figures 4.1 & 4.2). On the other hand the OY9.4 PTR 
sequence belongs to a family of SINEs specific to ruminant species and is 
probably responsible for the dispersed hybridisation shown by pOY9.4 in 
male and female ruminants (Figure 4.8). 
' 
4.4.1 OYll Repetitive Family 
The hybridisation of pOYll.1 to genomic DNA of the four ruminant 
species shows a very strong signal at 6 kbp in male sheep (Figure 4.2b). 
This accounts for the 6 kbp band shown by the ).,QYll hybridisation to 
sheep genomic DNA (Figure 2.10). As none of the other phage clones 
hybridised to this 6 kbp BamH I fragment then the small regions 
homologous to OYl 1.1 on other phage inserts (Figure 2.12b) may not 
cont1bute to the 6 kbp band. A variety of fragment sizes is present in 
cattle and goat males with no dominant repeating unit. For fallow deer 
OYll.1 is not repetitive in nature. Thus OYll.1 may be only moderately 
repeated in male bovids. 
OYll.1 is an ovine Y-chromosomal male-specific repeat distinct 
from the OYl family: pOYll.1 does not hybridise to any of the other OYl.1 
type repeats (Figure 2.12b), OYl.1 does not hybridise to pOYll.1 (Figure 
3.7), and no similarities could be found between the OYl.1 and OYll.1 
sequences with dot matrix analysis (result not shown). If the OYll.1 
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repeating unit in sheep is equivalent to the 6 kbp BamH I band, which is 
feasible as most of the hybridisation was to this fragment, and the 
genomic abundance of OYll.1-like sequences is approx. 1000 copies , then 
this repetitive unit may account for up to 6 Mbp of the ovine Y 
chromosome. This has been designated the OYl 1 family. 
The A.OYll insert may be representative of the repetitive structures. 
It comprises two BamH I fragments of 8 kbp (hybridising with OYl.1) and 
5.5 kbp, and the OYl 1.1 fragment, which may be an incomplete 6 kbp 
BamH I fragment. Also OYll-like sequences are present in five of the 
recombinant phage inserts (Figure 2.13). Thus OYl and OYll repetitive 
units may be associated closely with each other. Only the distribution of 
these repeating units on the Y chromosome is unknown. Nevertheless 
these two families may account for as much as 10 Mbp of the ovine Y 
chromosome. Hence the size of the ovine Y chromosome may be at the 
higher end of the 8 - 12 Mbp range estimated earlier. 
From the results thus far the repeated nature of OYll.1 occurs in 
the male bovids with the fallow deer showing no sex difference. It is 
assumed that all of the repetitive elements homologous to the OYl 1.1 
sequence are copies of the integrated processed pseudpgene. This is 
because of the virtual single copy hybridisation of what may be the 
functional sequences in male and female animals, clearly shown in the 
fallow deer (Figure 4.2b). In other words only the processed pseudogene 
has been replicated. This is based on only one sequence, although similar 
sequences have been isolated from cattle and goats. 
4.4.2 Structure and Evolution of OYll.1 
The OYll.1 sequence is composed of an ORF flanked by short direct 
repeats, the remainder of the sequence being Y-specific and flanked by 
short inverted repeats (Figure 4. 7). The lack of eukaryotic initiation 
sequences for transcription and of a poly(A) tail suggest the OYll.1 ORF 
is an integrated processed pseudogene. This is supported by the existence 
of 17 bp direct repeats flanking the ORF, indicative of an integration event. 
The possibility that this could be an exon and the direct repeats occurring 
by chance is discounted as the OYll.1 ORF corresponds to the ORF of a 
bovine cDNA transcript, BCYl la. 
Duplicative transposition of the functional gene sequence 
homologous to the OYll.1 ORF, within the Y chromosome of a bovid 
ancestor, may have provided the critical initial duplication <Maeda & 
Smithies, 1986) to explain the existence of the OYl 1 family of repetitive 
units on the ovine Y chromosome. This would involve integration of the 
processed transcript during germ cell replication as the germline is most 
open to chromosome anomalies (Vanin, 1984; Chandley, 1988). This 
integration of the processed sequence was a single event as it is present in 
the same relative positions in OYll.1 homologues of cattle, sheep and 
goats and the same or similar flanking direct rep ea ts are also evident (Figure 4. 7). 
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Two mechanisms of integration have been proposed. Vanin (1984) 
postulated integration of the mRNA and copying by DNA polymerase y, a 
DNA polymerase that has been reported to copy synthetic 
ribohomopolymer templates more efficiently than DNA templates (Weissbach, 1977). In this case there would be no need for a source of 
reverse transcriptase (V anin, 1984). On the other hand, Wagner (1986) 
prefers retroviral copying of the mRN A before insertion and suggests that 
mammalian germ cell may be susceptible to retroviral infection. 
However if there was retroviral mediated copying of the OYl 1.1 
pseudogene sequence it is difficult to comprehend the Y-specificity of such 
an event. 
The duplication event had to occur soon after the divergence of the 
Bovidae and Cervidae Families approx. 30 mya (cited by Harrington, 
1985), but before divergence of the bovids. This is because OYl 1.1 is 
moderately repeated in the male bovids, but near single copy in the 
females and in both sexes of fallow deer (Figure 4.lb). Also pOYll.1 
hybridises to fragments shared by both sexes of many diverse eutherian 
species, but at near single copy frequency. The exception may be inbred 
mice, which show additional homologous sequences that are 
male-specific. It is not known if these are due to duplication events or if a 
restriction fragment length polymorphism has occurred. However it is 
interesting that mice of the BALB and C57BL/6 backgrounds have two 
copies of human ZFY homologues present on the Y chromosome 
(Mardon et al., 1989), suggesting that this region of the Y chromosome 
may have been duplicated. It may be possible that a similar duplication 
event led to the replication of OYll.1 homologues in mice. 
With the critical initial duplication event having occurred by way of 
an integrated processed pseudogene, the further replication and fixation 
of the OYll repetitive unit may occur by the processes of molecular drive 
(recall section 1.1). For this to happen the OYl 1 family can be treated as a 
multigene family, being acted on by unequal exchange between sister 
chromatids (Tartov, 1973; Smith, 1976). The initial misalignment would 
have happened between the integrated processed ORF and the functional 
gene sequence. Thus the functional domain must be on the Y 
chromosome to account for the male-specific nature of the OYll repetitive 
family. The misalignment was possibly encouraged by conservation of 
the sequences equivalent to BCYlla or by the strong affinity of the putative 
acidic amino acid region shown by the detection of BCYl lc by OYl 1.1 
despite, their base sequences being dissimilar. 
It is not known if the replication of the OYll-like sequences has 
involved the processed pseudogene or the functional gene or both, 
although all eight homologues of the OYll.1 sequence from sheep, cattle 
and goats show the pseudogene sequence. Also disruption of the 
functional gene at the site of initial homologous pairing and 
recombination would favour the allelic combination that retained the 
functional domain, but in turn gained a processed pseudogene. This 
would also have the effect of duplicating the region surrounding the 
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processed pseudogene thus explaining the extension of homologous 
regions between the sheep, cattle and goat homologues beyond the 
pseudogene sequence (Figure 4. 7). Consequently, further unequal 
exchange events would occur between the duplicated processed 
pseudogene sequences because of the longer region of similarity available 
for homologous pairing. 
Further rounds of unequal exchange between the processed 
pseudogenes of sister chromatids would occur, generating tandem copies 
of OYll-like sequences if fixation of the OYll sequence was favoured. The 
integrity of the processed pseudogene sequence could be maintained by 
conversion during homologous pairing (recall Figure 1.3). Branch 
migration of the cross-over site (recall Figure 1.3) during the conversion 
process would ensure fixation of the complete OYl 1 repetitive unit defined 
by the 6 kbp BamH I fragments. 
The cattle genome has seen an additional process occurring by 
virtue of a RDF element that has inserted into the same site as the 
processed pseudogene. This insertion probably occurred soon after 
integration of the processed pseudogene as it is present inside the short 
direct repeats and at the sa·me position in all five of the BRY 4 homologues. 
The presence of the RDF element is interesting in that BRY 4 sequences 
have "drifted", losing their ORF structure. This loss of the tendency to 
conserve the ORF sequence by conversion can be attributed to homologous 
recombination between RDF elements so that the processed pseudogene 
sequence is disrupted by cross-over with unrelated sequences. That 
SINEs can inhibit the conversion process, thereby contributing to genetic 
diversity was postulated by Hess et al. (1983) for the effects of Alu repeats 
on the human a-globin-like gene region. Further evidence for this was 
given by Schimenti & Duncan (1984) on the effects of Alu-like sequences in 
the cattle and goat p-globin genes. 
Hence the accumulation of the OYll family may be a consequence 
of molecular processes which began with the initial . duplicative 
transposition of a gene sequence. This could eventuate without natural 
selection being involved and therefore does not require the assumption 
that the processed pseudogene may still be expressed. Fixation of the 
OYll unit may also have been favoured by the genetic isolation of the Y 
chromosome as· interchromosomal cross-over would be rare. 
Two features of the proposed evolution of the OYll family are 
significant. First, the integrated processed pseudogene sequence would 
have to originate from a transcript of a functional gene present on the Y 
chromosome as subsequent replication of the OYll family has remained 
solely on the Y chromosome in the bovids. The genetic isolation of the Y 
chromosome \vould make it unlikely that the origin of the transcript is 
autosomal. Also the accumulation of the OYll family most likely arose 
from unequal exchange between sister chromatids, the first cross-over 
occurring between the integrated pseudogene and functional sequences. 
For an autosomal origin of the transcript there would need to be two 
integration events on the Y chromosome to allow unequal exchange 
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between sister chromatids, an even more doubtful occurrence. This 
implies that the functional OYll.1 ORF homologue is a gene on the Y 
chromosome. Clear evidence from inbred mice (Figure 4. la) supports 
this conclusion. Thus from this inference and the observation that 
pOYll.1 shows a similar intensity of hybridisation to the sex-common 
fragments (Figure 4. lb), homologous sequences are on the X 
chromosome. 
Second, the pseudogene integration event occurred in the Bovidae 
Family before divergence of the Bovinae and Caprinae Sub-Families. 
Subsequent replication has occurred independently in each of the species 
leading to a lower copy number in goats and to a greater divergence in 
cattle. It has been postulated that this divergence of the cattle 
homologues, to the extent that the ORF is unrecognisable, has occurred by 
virtue of the close presence of a RDF member. This is tentative as only 
one copy of this pseudogene has been characterised in the sheep and goats 
and only five in the cattle out of 1000. However the sequen·ce similarity 
between OYll.1 and BRY4C is the same as between BRY.1 and the sheep 
BRY.1 homologues. It is possible that the presence of the RDF element 
may have caused the same relative divergence between sheep and cattle 
ORF sequences as between BRY.1 homologues. This would need to be 
tested further by sequencing complete OYl homologues in cattle and goats 
to get a better comparison of the rates of general Y-chromosomal 
sequence divergence between these species. 
4.4.3 OYll.1 Open Reading Frame and Putative Peptide 
Theoretical translation of the ORF sequences from OYl 1.1 and 
BCYl la reveals a conserved domain of regularly spaced Cys and His 
residues, a structure which was postulated to form zinc fingers (Miller et 
al., 1985). Five copies of this motif are represented by the OYll.1 and 
BCYlla sequences; in comparison both ZFY, a human genomic clone, 
and Zfy-2, a mouse cDNA clone may code for a domain comprising 13 zinc 
finger repeats (Mardon & Page, 1989; Page et al., 1987b). Proteins with 
zinc finger structures, first described as the Xenopus transcription factor 
IIIA (Miller et al., 1985), have been implicated as DNA-binding factors 
involved with regulating gene transcription. The zinc finger was believed 
to be involved in specific DNA sequence recognition. 
However Frankel & Pabo (1988) stress that the zinc finger term has 
been loosely applied. In order to form a three dimensional zinc finger 
motif there must be, at the correct spacing, two Cys, two His, one Leu and 
two aromatic residues. Hydrogen bonds are required between the 
aromatic side-chains of adjacent fingers (Lee et al., 1989). Both the 
OYll.1 and BCYlla zinc finger motifs do not have an aromatic residue 
preceding the first Cys in all five domains and where they do, the second 
aromatic and even the Leu are missing. Therefore, while the OYll.1 and 
BCYlla translated sequences may form zinc-binding sites, it is not 
known if the putative peptide can form stable finger domains. As 
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suggested by Frankel & Pabo (1988) such zinc-binding domains can be 
important for the "cooperativity" between DNA bound dimers. 
Cooperativity, illustrated by Ptashne (1989), occurs when transcription 
activators bind to DNA recognition sites as dimers and the presence of one 
bound dimer increases the affinity of another. Hence the BCYlla 
transcript may still code for a putative DNA-binding peptide. 
The first part of the OYll.1 ORF, which is not represented in 
BCYlla, translates a highly acidic amino-terminal domain. Likewise a 
second cDNA clone isolated, BCYllc, may also code for a peptide with 
50% acidic amino acids in its short and incomplete ORF. Considering the 
low similarity between OYll.1 and BCYllc there must be a strong affinity 
between domains that may code for acidic residues. The structure of a 
long acidic domain linked to 13 zinc finger repeats is predicted by Zfy-2 (Mardon & Page, 1989). These authors recognised that a complex of a 
DNA-binding domain linked to an acidic domain is analogous to the 
modular structure of eukaryotic transcription activators (as described by 
Ptashne, 1988). The DNA-binding regions are specific while activating 
regions can be variable, but tend to be rich for acidic residues. These 
activating regions are believed to form an a-helix with the distribution of 
charge along the a-helix being critical for the activation process (Ptashne, 
1989). However as noted by Ptashne (1989) there may be other types of 
activating sequences other than the a-helix. The possibility exists that the 
acidic amino acid region of the putative peptide represented by the OYll.1 
ORF and BCYllc sequences may be another type of activator sequence. 
Placed in this context BCYllc may be one of a number of sequences 
that share acidic amino acid domains when translated, in view of the 
hybridisation of this sequence to both sexes of all of the mammalian 
species, including the marsupials (S. Beaton, pers. comm.). This 
suggests an ancient origin of this sequence, a notion continued by the 
finding of imperfect 42 bp adjacent direct repeats in the nucleotide 
sequence of OYl 1.1 over this region. This may be a reflection of protein 
evolution through an ancient duplication event from the homologous 
recombination of repetitive DNA (postulated by Lehrman et al., 1987). It is 
likely that the BCYllc clone is unrelated to OYll.1 and may code for the 
acidic domain of another regulatory protein. Such a coding region could 
possibly be positioned on an autosome and hence be responsible for the 
male and female hybridising signals in the mammalian species. 
In contrast the BCYl la sequence may code for a highly conserved 
and specific DNA recognition peptide. This and the hybridisation 
patterns of OYll.1 and BCYlla to male and female genomic DNA may 
relate to one of the sex determining models discussed by Page et al. (1987b). That is, the Y chromosome codes for a peptide which may be 
required in duplicate from an activated X chromosome to form a protein 
dimer structure. This protein in turn initiates the developmental 
processes required for determining sex or for sperm differentiation and 
development. 
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No cDNA has been isolated for the whole OYll.1 ORF. The first 151 
amino acids of the putative OYll.1 peptide , apart from the Glu and Asp 
clusters, are not represented in BCYlla and BCYl lc. The 
exonuclease III treatment may have been responsible for removing too 
much sequence during cDN A library construction, as poly(A) sequences 
have not been found with any of the cDNA transcripts isolated from this 
library. However it seems unlikely that at least 450 bp of sequence could 
be removed by exonuclease III under the conditions used (section 4.2.3). 
Also a polyadenylation site is present at the end of the BCYl la sequence. 
Assuming the same amount of sequence has been removed through 
exonuclease III digestion from either end, it appears that the complete 
BCYlla sequence may not include the entire OYll.1 ORF. Since the 
BCYlla sequence is a present day transcript, it may be possible that the 
OYl 1.1 ORF sequence is no longer representative of the present day gene. 
One concern is that during cDNA library construction, the cDNA was 
subjected to two rounds of Sl nuclease digestions, albeit at high salt and 
low temperature, with the exonuclease III incubations between. The 
possibility existed for nicks to occur, so that cDNA sequences were broken. 
Another possibility is that the complete OYll.1 ORF may still be 
transcribed. Chelly et al. (1989) provided evidence of inherent 
transcription, i.e. there may be a low level of transcription of any gene 
sequence in any tissue type. Also McCarrey & Thomas (1987) observed 
expression of the autosomal phosphoglycerate kinase (PGK) gene, the 
sequence of which is an integrated processed pseudogene. However this 
PGK sequence possesses a poly-adenylation signal and has the remnants 
of a poly(A) tail. Since only one representative of the ORF from the sheep 
has been sequenced it may be possible that such 3' signals have been lost 
from this sequence. Even if transcription of the OYll.1 ORF is inefficient, 
a small percentage of 1000 copies may still provide a significant amount of 
extra transcripts. Inefficient transcription may also explain the presence 
of the BCYl la transcript sequence in that this is derived from a processed 
pse:udogene sequence that has been partially transcribed, although the 
five cattle BRY 4 sequences do not show a complete ORF. 
The female and possibly functional equivalent bovine homologue of 
OYll.1 has been isolated from a cow genomic DNA library by D. A. 
Mann. Hopefully the sequence of this may resolve the dilemma of what is 
the actual coding region. 
4.4.4 Ruminant SINEs 
The comparison of OY9.4 with homologous adult bull testis cDNA 
transcripts, BCY9a and BCY9b, revealed two types of SINEs dispersed 
throughout the genomes of ruminants. These belong to the RDF, 
originally described as the artc dimer repeat (Watanabe et al., 1982), and 
the art2 (Duncan, 1987) repetitive sequences. In addition BCYl0b is a 
discrete RDF element homologous to OYl0.l. Therefore the OY9.4 and 
OYl0.1 PTR sequences provide direct evidence for the existence of SINEs 
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on the ovine Y chromosome, although the isolated transcripts are not 
necessarily from the cattle Y chromosome. They also provide evidence of 
in vivo transcription of these elements in cattle, with the BCY9b 
transcript being of similar size to repetitive transcripts isolated by 
Duncan et al. (1981). 
The artc sequence was likened to the Alu-like repeats of primates 
and rodents (Watanabe et al., 1982), but their only structural similarity is 
the internal dimer repeat structure. A 44 bp segment of the consensus 
internal direct repeat of artc has limited homology to the human and rat 
repetitive sequences. Specific to the RDF members are sequences 
following the internal direct repeats, i.e. the repeat dimers are linked by 
CACT n and end with (AGC)n. Contrary to the original report (Duncan, 
1987) the art2 repeat does not show any similarity to an Alu-like structure. 
There are no internal repeats and the sequence, at 538 bp, is relatively 
long for a SINE. It is apparent from the difference in hybridisation 
intensities that art2 is not as prevalent as RDF sequences represented by 
the OY9.4 and BCY9a sequences respectively (compare Figures 4.8a & b). 
The nucleotide similarity between the different art2 and artc 
repeats is variable, ranging from 67-96%. The lowest similarity is 
between the OY9 and BCY9 examples, the highest between the BCYl0b 
and artc repeats. This range is probably related to the length of time since 
the repeats have been integrated into the genome. The near identical 
sequences of the BCYl0b and artc repeats indicate that these sequences 
are derived from the same progenitor sequence. 
The art2 sequence holds the key to the significance of these SINEs 
in that it contains a conserved 71 bp sequence. A 71 bp region of OY9.4 is 
homologous to a consensus sequence derived from three genomic and 
three transcribed members of the RDF (Figure 4.10). The fact that this 
71 bp sequence is the only portion of the RDF present in the BCY9b 
transcript implies that it may contain the minimum sequences required 
for transcription of these RDF and art2 repeats. At the beginning of this 
71 bp sequence is a region identified by Watanabe et al. (198.2) as being 
homologous, albeit with low similarity, to the replication origins of BK 
virus and SV 40. Interestingly this region lies within the more conserved 
portion of the 71 bp sequence. A better account is given by Skowronski et 
al. (1984) who identified RNA polymerase III A and B promoter blocks in 
a 73 bp sequence preceding the monomer repeats artb3 and artd (Watanabe et al., 1982) and is present in the bovine 1.709 satellite. This 
73 bp sequence is not present in any of the OY9, BCY9a and BCY9b 
sequences. 
As discussed for the OYll.1 processed pseudogene in section 4.4.2, 
the mechanisms of copyin·g and re-integration of these elements is 
uncertain. Again the source of reverse transcri ptase is the main 
problem; integration as RNA with copying by DNA polymerase y may also 
need to be considered for these elements. 
The existence of both RDF and bovine monomer family (BMF) 
elements .in the bovine 1. 709 satellite (Skowronski et al., 1984) is 
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noteworthy. It is possible that the two distinctive BamH I bands at 3.6 & 
3.8 kbp in male and female cattle (Figure 4.8) may be due to those satellite 
sequences containing the RDF element only and those containing both 
RDF and BMF elements. This is significant because the BMF element is 
preceded by the 73 bp sequence believed to contain the A and B blocks of the 
RNA polymerase III promoter as described above. It is tempting to 
suggest that the transcription of BCY9a and BCY9b may be initiated by 
upstream BMF elements that are either not transcribed or have been 
removed by exonuclease III digestion during cDNA library construction. 
The OY9.4 results demonstrate the dispersion of the ruminant 
specific SINEs and their uncertain transcription and reintegration 
mechanisms. Relating these results to the structure of the ovine Y 
chromosome, it is likely that many of the PTRs shown in Figure 2.13 
could be pseudogene sequences or sequences related to the ruminant 
SINEs. This could have implications for the future evolution of the sheep 
Y chromosome as regards homologous recombination occurring both 
intra- and interchromosomally. That there may be a small proportion of 
non male-specific sequences on the ovine Y chromosome indicates very 
little interchromosomal interaction with the autosomes. This may 
change if there is continuing transcription of art2 and RDF members 
with integration into the Y chromosome. 
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5 SPECIES DISTRIBUTION OF THE OYl AND OYll 
REPETITIVE SEQUENCES 
5.1 Introduction 
It has already been shown that OYl.1 and OYll.1 homologues are 
moderately repetitive in the males of cattle, sheep and goats , but near 
single copy or repeated at low frequency in both sexes of fallow deer (Figures 3.5 & 4.2). However there is a large gap in the species 
distribution between cattle and fallow deer. Deer belong to the Family 
Cervidae, while cattle, sheep and goats are members of the Family 
Bovidae; the estimated time of divergence of these Families is 30 mya (cited in Harrington, 1985). Thus at some stage during the evolution of 
the Bovidae, molecular events have led to the accumulation of OYl- and 
OYll-like s_equences. Definition of the relative time scale of these events 
requires the analysis of other species belonging to the Family Bovidae. 
This may also help towards understanding the evolution of these 
repetitive sequences and, in turn, the evolution of the Y chromosome in 
these animals and consequently the ovine Y chromosome. 
The distribution of the OYl.1 and OYll.1 repetitive sequences 
amongst several ruminant species is described in this chapter. Their 
species' distribution supports the quantitative variation of the OYl family 
in ruminants and the moderately repetitive nature of OYl.1 and OYll.1 
homologues being confined to male bovids. 
5.2 Materials and Methods 
Materials and methods were as described previously with the 
fallowing exceptions: 
5.2.1 Materials 
ES solution : 10 mM Tris pH 8.0, 0.5 M EDTA pH 9.4, 1 % (w/v) sarcosyl 
(Smith et al., 1986). 
ESP solution : ES solution with 1 mg/ml proteinase K. 
Ficoll-Paque : Pharmacia/LKB 
5.2.2 Preparation of DNA from Wild Ruminant Species 
DNA was extracted from the blood lymphocytes of a male giraffe (Giraffa camelopardalis L.), a male and a female sitatunga (Trage laphus 
spekei), a male scimitar horned oryx (Oryx gazella dammah ) and a male 
barbary sheep (Ammotragus leruia). The relationship of these animals 
within the Order Artiodactyla is shown in Figure 5.1. Blood samples 

were removed into potassium EDTA vacutainers by the veterinarian staff 
at Taronga Zoo (Sydney) and delivered overnight in a chilled container. 
The whole blood was centrifuged at 3,500 rpm for 20 min at room 
temperature. The lymphocyte layer was removed and an equal volume of 
PBS (1 ml) was added. This was layered carefully onto 4 ml of 
Ficoll-Paque and centrifuged at 3,000 rpm for 20 min. The lymphocyte 
layer at the interface was collected and given three successive washes 
with 10 ml of PBS, centrifuging at 2,000 rpm for 10 min each time. The 
cells were finally suspended in a small volume of PBS. A 20 µl aliquot 
was diluted with 20 µl of 0.2% (w/v) aniline blue and the lymphocyte cell 
concentration was determined with the aid of a haemacytometer under a 
phase contrast microscope. 
The lymphocytes were set in agarose using the Bio-Rad 
CHEF-DR™ II mould which gives casts of 22 x 10 x 1.2 mm. Allowing for 
10 µg of DNA per cast and assuming a mammalian DNA content of 
7 .3 pg/cell (Bachmann, 1972), 1.4 x 106 cells were required for each 10· µg 
cast. Therefore lymphocyte suspensions were diluted with PBS to give the 
appropriate cell numbers per cast when an equal volume of molten LMT 
agarose ( 1 % w/v) was added. With the mould lying on ice the liquid 
cell/agarose mixture was dispensed and solidified casts were slid from 
the mould directly into ESP solution warmed to 50°C. Up to 15 casts were 
placed into 25 ml of ESP solution in 50 ml Corning centrifuge tubes. 
These tubes were laid on their side in a shaking 50°C incubator set at low 
speed to give a gentle rocking of the fluid and casts. Initially the casts 
were incubated for 48 h, but this was later reduced to 24 h. 
After the proteinase K digestion the ESP solution was decanted and 
replaced with 50 mM EDTA pH 8.0 (Chu et al., 1986). This was stood at 
room temperature for 10 min, decanted and replaced with fresh 50 mM 
EDTA pH 8.0 and the casts were stored at 4°C. 
5.2.3 Restriction Enzyme Digestions of DNA Prepared in 
Agarose Blocks 
For each restriction enzyme digest an approx. 2 µg block was cut 
from the 10 µg casts. Each block was equilibrated with BamH I buffer 
(less BSA and ~-mercaptoethanol) by washing with at least five changes of 
5 ml of 1 x buffer over 2-3 h. The DNA was digested with 10 U of BamH I 
for 2-3 h in a volume of 200 µl, allowing 50 µl for the DNA block. Prior to 
electrophoresis the digests were heated to 65°C for 10 min to melt the 
agarose blocks_-, layering was solution added and the molten mixture 
deposited in the agarose gel wells. Electrophoresis (overnight at 12 V), 
transfer by alkaline Southern blotting, and the hybridisations with 
pOYl.1 and pOYll.1 were as described in sections 2.2.1, 2.2.5 and 2.2.7 
respectively, except BSA at 1 % (w/v) was used in the hybridisation 
solution instead of blotto. This whole process from blood sample to 
autoradiograph could be done within one week and became the method of 
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choice for DNA extraction over CsCl centrifugation as it was very quick, 
cost effective and resulted in higher molecular weight DNA. 
5.3 Results 
5.3.1 Digestion of DNA from Wild Ruminant Species with 
BamHI 
The electrophoresis of BamH I digests of DNA prepared in agarose 
blocks from male and female sheep, male barbary sheep, male and 
female sitatunga, male giraffe and male oryx is shown in Figure 5.2. A 
striking tandem repetitive structure is evident for the oryx digestion, but 
less so for the sitatunga digest. The male giraffe digest also revealed 
satellite sequences. No BamH I satellites were identified for the barbary 
sheep. 
5.3.2 Hybridisations of pOYl.1 and pOYll.1 to DNA Digests 
of Wild Ruminant Species 
pOYl.1 hybridises to all of these ruminant DNA digests except the 
female sitatunga, although the size and intensity of the hybridising 
signals varies (Figure 5.3). Interestingly the hybridisation to male sheep 
reveals three intense fragments between 8 & 9 kbp. Only in the barbary 
sheep and sitatunga is there significant repetition of the OYl.1 sequence. 
The barbary sheep, the closest of these species to the domestic sheep, 
shares similar fragments to the male sheep at approx. 1.1 & 5 kbp. The 
other major barbary sheep fragment is at 4.2 kbp, of slightly lower 
molecular weight than the sheep fragment at 4.4 kbp. Fainter signals are 
shown for lower molecular weight DNA having no sheep equivalent and 
for larger molecular weight DNA corresponding to the larger sheep 
fragments. The hybridisation signals for the male sitatunga, giraffe and 
oryx bear no relationship to any of the sheep bands (Figure 5.3) with their 
main hybridisation signals concentrated between 3.5 & 7 kbp. Weak 
hybridisation signals are shown by the male giraffe at 4 & 6 kbp and by the 
male oryx at 3.8 & 15 kbp. 
Likewise, pOYll.1 hybridises to all of the other ruminant species (Figure 5.4), including virtually single copy signals with male giraffe (14 kbp) and female sitatunga (9 kbp). Surprisingly the male oryx shows a 
pattern of hybridisation very similar to that of sheep. The main intense 
hybridising signal is the same at 6 kbp, but there are slight differences 
with the larger molecular weight and less intense signals. The barbary 
sheep also has the main hybridising signal, to a lesser intensity, at 6 kbp. 
As for pOYl.l, the hybridising signals of the sitatunga to pOYll.1 are 
different froni that of the sheep, with intense signals between 10 and 
20 kbp. 
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Figure 5.2 Electrophoresis of genomic DNA from sheep and wild ruminant 
species digested with BamH I 
Electrophoresis of male (M) and female (F) genomic DNA, isolated from blood lymphocytes 
of Sheep, Barbary Sheep (Bar), Sitatunga (Sit), Giraffe (Gir) and Oryx, digested with 
BamH I. Size markers (AIR), in kbp. are A phage DNA digested with Hind III. 
Experimental conditions for electrophoresis and DNA preparations are described in 
sections 2.2 and 5.2 respectively. 
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Figure 5.3 pOYl.1 hybridisation to BamH I digests of genomic DNA from sheep and wild ruminant species 
A.utoradiographs of nick translated pOYl.1 hybridised to alkaline Southern transfers of the gels shown in figure 5.2. Exposures 
were against Fuji RX over 4 days for (a) and Kodak XAR over 6 days for (b). Size markers OJH), in kbp, are A phage DNA diges ted 
with Hind III. Experimental conditions are described in sections 2.2 and 5.2. (M : male; F : female; Bar : barbary sheep; Sit : 
sitatunga; Gir : giraffe). 
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Figure 5.4 pOYl 1.1 hybridisation to BamH I digests of genomic DNA from sheep and wild ruminant species 
Autoradiographs of nick translated pOYll.1 hybridised to alkaline Southern transfers of the gels shown in figure 5.2. Exposures were 
against Fuji RX over 4 days for (a) and Kodak XAR over 6 days for (b). Size markers (A./H), in kbp, are '"A phage DNA digested with Hind 
III. Experimental conditions are described in sections 2.2 and 5.2. (M : male; F : female; Bar : barbary sheep; Sit : sitatunga; Gir : 
giraffe). 
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5.4 Discussion 
A cladogram of the Order Artiodactyla is given in Figure 5.1 to 
show the relationship of the animals used for the hybridisation studies of 
ovine Y-chromosomal repeats in this Chapter and in Chapters 3 & 4. 
This cladogram is derived from the information listed in Grzimek (1972) 
based on anatomical structures and conforms to the more recent 
descriptions given_ by Eisenberg (1981). The vertical lines on the 
cladogram do not imply uniform time of divergence. What has been 
deduced from nucleotide and amino acid substitutions is that the 
Cervidae and Bovidae Families diverged .approx. 30 mya and the 
Giraffidae further diverged from the Cervidae approx. 20 mya (cited in 
Harrington, 1985). The Caprinae and Bovinae Tribes ·diverged approx. 15 
mya with the sheep and goats diverging approx. 5 mya (Fitch, 1977). 
Within the male ruminants the OYl.1 and OYll.1 sequences 
display some remarkable relationships. OYll.1 was previously shown to 
be virtually single copy in the fallow deer (Figure 4.3). That a similar 
result is shown for male giraffe (Figure 5.4b) supports the replication of 
the OYl 1.1 sequence after the Cervidae and Bovidae Families diverged. 
Since OYl 1.1 shows a repeated nature in all of the male Bovidae species 
studied (Figures 4.2b & 5.4) then the initial duplication event of the OYll.1 
processed pseudogene occurred on the Y chromosome in a bovid ancestor. 
Similarly, the weak hybridisation signals of OYl.1 to the male giraffe 
(Figure 5.3a) is consistent with the low repetitive nature of OYl.1 
sequences in fallow deer (Figure 3.8), suggesting little replication of these 
sequences with the apparent lack of OYll.1 duplication. 
The patterns of the OYl.1 and OYll.1 hybridising signals within 
Bovidae males are interesting. For OYll.1 the oryx shows a very similar 
band pattern to that of the sheep (Figure 5.4b) while the barbary sheep has 
a pattern and intensity more related to the goat than the sheep (compare 
Figures 4.2 & 5.4a). Any relationships amongst the Bovidae that one may 
gather from the OYl 1.1 results are dispelled by the OYl.1 hybridisation 
patterns. The only consistency is shown by the barbary sheep which 
again conforms more closely to the goat than to the sheep (Figures 3.5a & 
5.3a). This may suggest that the barbary sheep is more closely related to 
· the goat than to the domestic sheep. A major anomaly is the near lack of 
OYl.1 homology in the male oryx (Figure 5.3b), despite the oryx showing a 
similar OYll.1 hybridisation pattern to the sheep. This suggests that 
either replication of the OYl family began after, or the OYl.1 sequences 
have been deleted since, the Hippotraginae diverged (see Figure 5.1). 
The sitatunga does not bear any resemblance to the hybridisation 
patterns of other species for either pOYi.1 and pOYll.1 (compare Figures 
3.5a, 4.2, 5.3a and 5.4a). It is intriguing that the sitatunga has very large 
sex chromosomes, the Y chromosome being 7 .29% by weight of the 
haploid complement (Wurster et al., 1968), yet the sitatunga appears to 
have a similar quantitative nature for the OYl.1 and OYll.1 repeating 
... 
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units. Therefore in the sitatunga these male-specific sequences may only 
form a small proportion of its Y chromosome. 
More studies are required to support the above suggested 
relationships as these results are based on only one restriction enzyme 
digestion with DNA probes specific to one chromosome. A time-scale of 
the evolution of the ruminants could be calculated by sequencing targeted 
regions from different species and comparing the base changes, applying 
the "molecular clock" concept (O'Brien et al., 1985). Presently sequence 
data is available only from the sheep for OYl-like sequences and sheep, 
cattle and goats for OYll-like sequences. Care would need t_o be taken in 
the interpretation of such analyses as similar sequences could evolve 
differently in different animals. For example the presence of the RDF 
element in the OYl 1.1 homologues of cattle may have caused more rapid 
divergence of these sequences in cattle (recall Chapter 4). 
The males of the ruminant species studied contain sequences 
related to the OYl and OYll repetitive elements in their genomes. 
However the processes of genomic flux (recall section 1.1) may have 
generated various combinations of these sequences both qualitatively and 
quantitatively. The accumulation of OYll repetitive elements is limited to 
the Family Bovidae, while that of OYl.1 repetitive elements has occurred 
in certain species of the Family Bovidae. Only in species of the 
Tragelaphinae, Bovinae and Caprinae Sub-Families has there been 
maintenance of elements from the OYl and OYll repetitive families. 
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6 ORGANISATION OF THE OYl AND OYll 
REPETITIVE SEQUENCES ON THE OVINE 
Y CHROMOSOME 
6.1 Intnxluction 
The ovine Y chromosome may be composed mainly of male-specific 
repetitive sequences from the OYl and OYl 1 families and that these 
male-specific repeats could be distributed throughout the ovine Y 
chromosome (Chapters 3 & 4). Such a structure would be in contrast to 
the well studied human Y chromosome, which has a large proportion of 
heterochromatin and other interspersed repeated elements shared by the 
X chromosome or autosomes or both and consequently an uneven 
distribution of these repetitive elements (Smith et al., 1987). This raises 
again the question of just how relevant the human Y chromosome may be 
to the "typical" mammalian Y chromosome. 
A preferred short arm location of a cattle Y-chromosomal repeat 
has been observed by in situ studies (Popescu et al., 1988). However the 
small size of the sheep Y chromosome precludes the use of conventional 
karyotyping to confirm the proposed distribution of the OYl and OYl 1 
repetitive families. Confirmation of the ovine Y-chromosomal 
organisation requires long range . mapping of the OYl and OYl 1 families. 
This may eventually facilitate the construction of a complete map of the 
ovine Y chromosome. 
The recent development of genomic mapping techniques makes it 
possible to study the long range molecular structure of chromosomes. 
The key is the advent of pulsed field gel electrophoresis (Schwartz et al., 
1982), together with the preparation of extremely high molecular weight 
genomic DNA in agarose gels (Smith et al., 1986) and the availability of 
rare cutting restriction enzymes (e.g. Barlow & Lehrach, 1987). These 
techniques have already been used successfully to define the 
pseudoautosomal region (Brown, 1988; Petit, et al., 1988) and the 
organisation of alphoid repeats on the human Y chromosome (Tyler-
Smith, 1987). Applying these long range mapping techniques, a model for 
the distribution of the OYl.1 and OYl 1.1 repetitive sequences on the ovine 
Y chromosome is proposed. It is probable that these sequences lie within 
the same long repetitve unit, which in turn may comprise a large 
proportion of the present day ovine Y chromosome. 
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6.2 Materials and Methods 
Materials and methods were as described previously with the 
following exceptions: 
6.2.1 Materials 
6.2.1.1 Buffers and Solutions 
SCE : 1.0 M sorbitol, 100 mM tri-sodium citrate, 60 mM EDTA pH 6.0 (Carle & Olson, 1987). 
Solution I : 5% (v/v) ~-mercaptoethanol, 10 mg of zymolase-20T (from 
Arthrobacter luteus ; 20,000 U/g; Seikagaku Kogyo Company) to 
10 ml in SCE (Carle & Olson, 1987). 
Solution II : 10 mM Tris pH 8.0., 0.5 M EDTA pH 9.4, 4% (v/v) 
~-mercaptoethanol (Carle & Olson, 1987). 
YM broth: 0.3% (w/v) yeast extract, 0.3% (w/v) malt extract, 0.5% peptone, 
1 % glucose in place of dextrose (Difeo Manual, 1984). 
6.2.1.2 Restriction Enzymes 
The sources of the restriction enzymes, their estimated mean 
fragment size in kbp generated on digesting mammalian DNA (McClelland & Nelson, 1988-1989; Nelson & McClelland, 1989) and their 
susceptibility to site-specific methylation (McClelland & Nelson, 1988; 
Nelson & McClelland, 1988; respective suppliers' catalogues) are : 
Restriction Source Mean Susceptible to Recognition 
Enzyme Size Methylation Site 
Aat II New England Biolabs 100 kbp No GACGTC 
BssH II New England Biolabs 100 kbp No GCGCGC 
Cla I Pharmacia/LKB 100 kbp Yes ATCGAT 
EagI New England Biolabs 100 kbp No CGGCCG 
Mlu I New England Biolabs 300 kbp Yes ACGCGT 
Not I Pharmacia/LKB 1000 kbp Yes GCGGCCGC 
Nru I Pharmacia/LKB 300 kbp Yes TCGCGA Sea I Pharmacia/LKB 
Sfi I Pharmacia/LKB 200 kbp No GGCCN5GGCC 
SnaB I New England Biolabs 100 kbp No TACGTA 
6.2.2 DNA Preparation 
Blood was collected from male and female sheep into tubes 
containing EDTA to a final concentration of 7 mg/ml and mixed 
thoroughly. The DNA was prepared from lymphocytes in agarose and 
2 µg blocks equilibrated with restriction enzyme buffer as described in 
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sections 5.2.2 and 5.2.3. Restriction enzymes that cut mammalian DNA 
rarely were chosen to generate fragment sizes in the order of 100-1000 kbp. 
These were Aat II, BssH II, Cla I, Eag I, Mlu I, Not I, Nru I, Sfi I and 
SnaB I. In addition Sea I was used, originally chosen for the intention of 
trying double digestions. The DNA was digested overnight at the 
recommended conditions for each restriction enzyme. Although the Sfi I 
digestions were incubated at 37°C instead of 50°C, a test digestion at 50°C 
showed no difference in size fractionation of DNA nor with the 
hybridisation pattern of pOYl.1 and pOYll.1. 
After each restriction enzyme incubation the digestion buffer was 
aspirated and replaced with 500 µl of ES solution and incubated at 50°C for 
1 h. The ES solution was aspirated and replaced with 250 µl of ESP 
solution and the incubation continued for 1 h to destroy the restriction 
enzyme. The blocks were placed into the wells of a 100 ml 0.5 x TBE 
standard agarose gel (0.6 to 1 % w/v depending on the fragment sizes to be 
separated) and the wells sealed with molten LMT 1 % (w/v) agarose. The 
gel size was 12.5 x 14 cm, moulded with the Bio-Rad CHEF-DR™ II gel 
tray and 10 well comb. 
6.2.3 Preparation ofYeast Chromosomal and Bacteriophage 
Lambda DNA Markers 
Yeast chromosomes were prepared in agarose blocks from 
Saccharomyces cerevisiae (strain AH22) cells by the method of Carle & 
Olson (1987). YM broth (25 ml) was inoculated with S. cerevisiae cells, 
obtained from R. Maleszka (Research School of Biological Sciences), and 
incubated overnight with shaking at 30°C. The flask was cooled quickly 
on ice and the cells collected by centrifuging at 5,000 rpm for 10 min at 
4°C. The pelleted cells were rinsed in 5 ml of 50 mM EDTA (pH 8.0), 
centrifuged as before and resuspended in SCE to 100 mg (wet weight)/ml. 
The of cell suspension (3 ml) was mixed with 1 ml of solution I and 4 ml of 
1 % (w/v) molten LMT Agarose (melted in 125 mM EDTA, pH 8.0). This 
molten solution was dispensed into 150 µl blocks (10 x 10 x 1.5 mm) using 
a homemade mould, allowed to set and 20 blocks placed into 10 ml of 
solution II for incubation at 37°C over 24 h. Solution II was replaced with 
ESP and the incubation, with gentle shaking, continued at 50°C for 24 h. 
Finally the ESP was replaced with fresh ES containing 5% (v/v) 
~-mercaptoethanol and the blocks of S. cerevisiae chromosomal DNA 
were stored at 4°C. 
The estimated sizes of the S. cereuisiae (strain AH22) chromosomal 
DNA (R. Maleszka, pers. comm.) are: 
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Chromosome Size (kbp) Chromosome Size (kbp) 
XII Approx. 3000 X 7fJJ 
IV 1622 XI 677 
xv 1135 VIII 595 
VII 1130 V 587 
XVI 995 IX 450 
XIII 957 III 355 
II 837 VI 'Z"/0 
XIV 822 I 242 
In addition to the standard A phage DNA digested with Hind III 
markers, 11, phage DNA and concatamers of A phage DNA were run 
where appropriate. Concatemers of A phage DNA were produced by 
ligating, with T4 DNA ligase, the cohesive ends. 
6.2.4 Contour-Clamped Homogenous Electric Field Analysis 
Pulsed field electrophoresis was based on the principles of 
contour-clamped homogenous electric field (CHEF; Chu et al., 1986) using 
the Bio-Rad CHEF-DR™ II system. Recirculating buffer (0.5 x TBE) was 
pre-cooled before use so that a running temperature of 14°C could be 
maintained. Initially the run conditions used were those recommended 
by the CHEF-DR™ II manual (Bio-Rad) for the separation of 50-1000 kbp 
fragment sizes. These were initial pulse time of 50 sec, final pulse time of 
90 sec, a voltage of 200 Vanda run time of 24 h. Subsequent separations 
are described in the Figure legengs and are based on variations of the 5:9 
ratio of initial pulse time to final pulse time. 
After electrophoresis the gel was stained in 500 ml of O .5 x TBE 
containing 2 mg/ml ethidium bromide for 30 min and destained in 500 ml 
of 0.5 x TBE for 1 h. For transfer by alkaline Southern blotting the gel was 
treated twice successively with 2 vol of 0.25 M HCl for 15 min. The DNA 
was transferred to Zeta-Probe in 0.4 N NaOH for at least 24 h. The filter 
was rinsed in 2 x SSC and immediately used for the hybridisations with 
nick translated pOYl.1 or pOYll.1 as described in section 2.2.7. 
6.3 Results 
6.3.1 Sheep DNA Digests with Rare Cutting Restriction 
Enzymes 1 
CHEF electrophoresis with pulse times increasing from 50 to 90 sec 
shows the expected separation between 50 & 1000 kbp (Figure 6. l a ) with 
two bright bands at the LM (limiting mobility, above which separation 
does not occur; Barlow & Lehrach, 1987) boundary (1200 - 1600 kbp) for the 
BssH II and Not I digestions. Surprisingly, these two digestions have the 
same size fractionation pattern, despite their ten fold difference in 
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Figure 6.1 CHEF electrophoresis of sheep genomic DNA digests : 
long pulse times 
Sheep genomic DNA (2 µg/digest), isolated from blood lymphocytes of females (F) and 
males (M) in (a) and males only in (b), was digested with the named restriction enzymes 
and electropboresed using a contour-clamped homogenous electric field. Gel running 
parameters were pulse times increasing from 50 to 90 sec (a) and from 90 to 162 sec (b) at 
200V over 24 b. Size markers, in kbp, are S. cerevisiae (S. c.) chromosomal DNA and 
undigested A phage DNA. Sizes with ± are the mean of two or three chromosomal sizes. 
LM signifies limiting mobility. DNA preparation and electrophoresis conditions are 
described in sections 5.2 and 6.2 respectively. 
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expected mean fragment size (section 6.2.1.2). Sfi I appears to digest 
sheep genomic ·DNA near to the expected frequency with a median size (defined as the region of the most dense size fractionation) of approx. 
270 kbp and only a small amount of DNA at the LM (Figure 6. la). Since 
this became a consistent effect, Sfi I may be used as a reference for the 
relative extent of size fractionation between the different CHEF 
electrophoresis conditions. No difference was apparent between male and 
female DNA digests (Figure 6. la). 
The above BssH II digest may have been partial as there were no 
bright bands at the region of LM in Figure 6. lb, although the LM in this 
gel was much larger than chromosome IV. For these CHEF conditions, 
in comparison with the conditions used for Figure 6.la, the separation of 
those fragments above 1000 kbp is greater while the region between 
chromosomes I and XV has been compressed. However there is still no 
sign of chromosome XII. In this gel the median fragment sizes for 
BssH II, Cla I, Eag I and SnaB I appear to be larger than their expected 
mean size of 100 kbp. The BssH II, Cla I and SnaB I digests also reveal 
the presence of some DNA between the origin and LM region, which may 
be a case of partial digestion. The presence of high molecular weight 
DNA behind the LM boundary is shown more strongly by the rarer 
cutting Mlu I, Not I and Nru I digests (Figure 6. lb). The Not I digest is 
also notable for its faint band pattern. Both Eag I and Sfi I have digested 
sheep genomic DNA near to the expected frequency and show a lack of 
DNA at the LM and origin (Figure 6.lb). These have given a similar DNA 
pattern, except in this case the Sfi I median appears to be at approx. 
450 kbp. This is almost 200 kbp larger than the median shown in Figure 
6.la and demonstrates the care that is required in interpreting pulsed 
field electrophoresis gels. 
With CHEF pulse times of 25 - 45 sec, the LM region is shown to be 
at chromosome XI (677 kbp) and fragments in the range of the median 
size for the Sfi I and Eag I digests are more widely separated (Figure 
6.2a). This gel compares several restriction enzymes of which generate 
varying mean fragment sizes. The Aat II digest has a similar size 
fractionation pattern, with a median size of approx. 200 kbp (Figure 6.2a); 
again this is larger than the expected mean fragment size. An even 
distribution of DNA fragments is shown for the Cla I and SnaB I digests 
over the separated range, but the SnaB I digest still gives the appearance 
of being partial, with high molecular weight DNA behind the LM 
boundary. The Nru I digest allows the comparison of a rare cutting 
digest over this region and is notable for an array I of closely spaced DNA 
bands (Figure 6.2a). Comparison with undigested DNA shows that the 
DNA fractionation patterns represent real digestion products, although 
these reveal high molecular weight DNA at the LM region, away from the 
origin (Figure 6.2a). 
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(a) F · M Aat II 
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Figure 6.2 CHEF electrophoresis of sheep genomic DNA digests : 
LM 
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intermediate pulse times 
Male sheep genomic DNA (2 µg/digest), isolated from blood lymphocytes, was digested with the 
named restriction enzymes and electrophoresed using a contour-clamped homogenous electric 
field. In (a) undigested male (M) and female (F) samples were run in parallel. Gel running 
parameters were pulse times increasing from 25 to 45 sec (a) and 10 to 18 sec (b) at 200V over 
24 h. Size markers, in kbp, are S. cerevisiae (S. c.) chromosomal DNA, ). phage DNA 
concatemers and). phage DNA digested with Hind III or Sal I. LM signifies limiting mobility. 
Genomic DNA preparation and electrophoresis conditions are described in sections 5.2 and 6.2 
respectively. 
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The LM region began at approx. 500 kbp for pulse times of 10 - 18 s·ec (Figure 6.2b). The Sfi I and Aat II digests show two bright bands at this 
point. Additional digests shown in this gel are BamH I and Sea I. 
BamH I digested to completion and shows no digestion products above 
50 kbp. The Sea I digest has the two bands at the LM boundary and a 
cluster of fragments centered around 50 kbp, with very few digestion 
products between. 
The size fractionation under a short pulse time regime is shown in 
Figure 6.3 with the characterisation of the Sea I cluster involving the 
comparison of male and female DNA from different species and the 
comparison of DNA preparation techniques. This shows a clear 
difference between size fractionation of DNA prepared in agarose blocks 
and CsCl-purified DNA. Most of the CsCl-purified DNA has run below 
the 23 kbp marker while most of the LMT agarose DNA remains above the 
23 kbp marker. It is not known if this is a consequence of partial digestion 
of high molecular weight DNA or shearing of the CsCl-purified DNA or a 
combination of both effects. It therefore highlights the problem of how to 
confirm whether or not the digestion of high molecular weight DNA is 
complete. 
6.3.2 Hybridisations with pOYl.1 and pOYll.1 
pOYl.1 hybridises to the lower portion (50 - 350 kbp) of the Sfi I 
digestion and to the LM region of the BssH II and Not I digests of male 
ovine genomic DNA (Figure 6.4). No hybridisation was shown to the 
female DNA digests. 
The hybridisation of nick translated pOYl.1 to an alkaline Southern 
transfer of the gel shown in Figure 6. lb reveals band patterns with the 
Cla I and SnaB I digests (Figure 6.5). These bands are at approx. 
intervals of between 100 - 200 kbp and may suggest a long range repeating 
unit defined by these two restriction enzymes. No hybridisation is shown 
at the origin for the Cla I digest, suggesting complete digestion. In 
contrast, pOYl.1 hybridises to the origin of the SnaB I digest suggesting 
that this may be incomplete. For the Sfi I digest the largest fragments 
hybridising with pOYl.1 are at approx. 450 kbp, with two clusters of 
stronger hybridisation at approx. 200 & 350 kbp (Figure 6.5). These results 
further suggest a long range repeating unit of ovine Y-chromosomal 
DNA. The only other digestion whereby pOYl.1 hybridises to separated 
DNA is the Eag I digest, but no discrete bands are given (Figure 6.5). 
At this exposure (Figure 6.5) the BssH II hybridising signal arises 
from DNA between the origin and the LM boundary, in contrast to the 
hybridisation to just the LM region in Figure 6.4 which suggests DNA 
from the origin to the LM boundary in Figure 6.lb for the BssH II digest 
possibly comes from the upper bright band at the region of LM in Figure 
6. la. Only a faint smear of hybridisation to the remainder of the BssH II 
digest was apparent. A similar hybridisation pattern is shown for the 
Mlu I and Nru I digests with the majority of signal confined behind the 
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Figure 6.3 CHEF electrophoresis of sheep genomic DNA digests : 
short pulse times 
Sheep genomic DNA of males (M) and females (F) (2 µg/digest), isolated from blood 
lymphocytes, was digested with Sea I. The DNA of the first sheep pair (Sl) was prepared in 
agarose blocks (see section 5.2); DNA of the second sheep pair (S2), cattle (C) and goats (G) 
was prepared by CsCl-purification (see section 2.2.2). Electrophoresis was in a 
contour-clamped homogenous electric field. Gel running parameters were pulse times 
increasing from 5 to 9 sec over 20 h at 200V. Size markers OJH+A), in kbp, are A phage 
DNA concatemers and A phage DNA digested with Hind III. LM signifies limiting mobility. 
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Figure 6.4 pOYl.1 hybridisation to the CHEF separation of sheep male and female DNA digests · 
Autoradiograph of nick translated pOYl.1 hybridised to an alkaline Southern transfer of the 
gel shown in Figure 6. la. Exposure was against Kodak XAR over 4 days. Size markers, in 
kbp, were derived from S. cerevisiae chromosomal DNA and undigested 11. phage DNA The 
± indicates the mean of two chromosomal sizes. LM signifies limiting mobility. 
Experimental conditions are described in section 6.2 (F : female; M : male). 
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Figure 6.5 pOYl.1 hybridisation to the CHEF separation of sheep male DNA digests 
Autoradiograph of nick translated pOYl.1 hybridised to an alkaline Southern transfer of the gel shown in Figure 6. lb. Exposure was against Kodak XAR over 6 days. Size 
markers, in kbp, were derived from S. cerevisiae chromosomal DNA. The ± indicates the 
mean of two or three chromosomal sizes. LM signifies limiting mobility. Experimental 
conditions are described in section 6.2. 
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LM boundary (Figure 6.5). However, pOYl.1 only hybridises to the origin 
of the Not I digest, suggesting this enzyme may have few recognition sites 
on the ovine Y chromosome. 
When this same filter was stripped and re-probed with nick 
translated pOYll.l, the same hybridisation pattern was shown with a 
short exposure time (Figure 6.6). This supports the close relationship 
between the OYl and OYll sequence families. The sensitivity of this 
pOYl 1.1 hybridisation is on a par with the sensitivity that was achieved 
with previous hybridisations to alkaline Southern transfers of 
conventional gels (C~apter 3), allowing for a very informative longer 
exposure (Figure 6. 7). This demonstrates that the rare cutting restriction 
enzymes appear to digest the ovine Y chromosome to a similar extent as 
they do to the whole genomic DNA. The exceptions are behind the LM · 
boundary for Cla I, below the LM boundary for Not I, and between approx. 
800 & 1200 kbp for Sfi I. This suggests that OYll-like sequences are 
distributed throughout the ovine Y chromosome. For the Not I digest the 
bulk of the hybridising signal is still confined to the origin and behind the 
LM boundary, but two faint bands at approx. 200 & 500 kbp are revealed 
with the longer exposure (Figure 6. 7). 
Resolution of molecular weight fragments up to approx. 500 kbp 
hybridising with pOYl.1 and pOYll.1 is seen in Figures 6.8 & 6.9. 
Although the resolution and sensitivity of the hybridisation are poor, 
pOYl.1 hybridises to Sfi I fragments from 48 kbp to 250 kbp and to a more 
condensed region of the Aat II digest (Figure 6.8). The sensitivity of this 
hybridisation is not high enough to show any discrete band patterns with 
the other restriction digests, even after prolonged exposure. This 
hybridisation also shows that the DNA at the LM region of the undigested 
sample contains ovine Y-chromosomal sequences. 
Discrete fragments from the Sfi I digested DNA hybridise with both 
pOYl.1 and pOYl 1.1, implying a tandem organisation of these repetitive 
families and that these sequences togehter form a basic Sfi I repeating 
unit (Figure 6.9). The apparent lowest molecular weight band is at 
approx. 40 kbp; successively higher molecular bands increase at an 
approximate periodicity of 15 - 20 kbp, up to 180 kbp. Two doublets are 
seen at approx. 280 & 380 kbp, with the largest bands at 450 kbp or the LM 
boundary. Closer examination reveals some differences between pOYl.1 
and pOYl 1.1 in the spacing and intensity of the bands between 120 & 
140 kbp. Both pOYl.1 and pOYll.1 hybridise to the same regions of the 
Aat II digest at approx. 70, 90, 105 & 140 kbp with the 90 & 105 kbp 
fragments showing the strongest signals (Figure 6.9). For the BamH I 
digest pOYll.1 _hybridises to fragments of approx. 20 & 25 kbp. 
The ovine Y-chromosomal probes hybridise mostly to a 25-80 kbp 
region of the Sea I digest where a large proportion of the digested genomic 
DNA is found (compare Figures 6.2b & 6.9). An attempt was made to 
identify discrete repeating units within this region in sheep, cattle and 
goats (Figure 6.10). Again there was poor sensitivity to the pOYl.1 probe, 
but it does reveal the main hybridising signals. With the hybridisation to 
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Figure 6.6 pOYll.1 hybridisation to the CHEF separation of sheep male 
DNA digests 
Autoradiograph of nick translated pOYll.1 hybridised to an alkaline Southern transfer of 
the gel shown in Figure 6.lb. Exposure was against Fuji RX for 20 h. Size markers, in 
kbp, were derived from S. cerevisiae chromosomal DNA. The ± indicates the mean of two 
or three chromosomal sizes. LM signifies limiting mobility. Experimental conditions are 
described in section 6.2. 
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Figure 6. 7 pOYll.1 hybridisation to the CHEF separation of sheep male 
DNA digests : long exposure 
Autoracliograph of nick translated pOYll.1 hybridised to an alkaline Southern transfer 
of the gel shown in Figure 6. lb. Exposure was against Kodak XAR for 6 days. Size 
markers, in kbp, were derived from S. cereuisiae chromosomal DNA. The ± indicates 
the mean of two or three chromosomal sizes. LM signifies limiting mobility. Experimental conditions are described in section 6.2. 
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Figure 6.8 pOYl.1 hybridisation to the CHEF separation of digested and 
undigested sheep male DNA 
Autoradiograph of nick translated pOYl. l hybridised to an alkaline Southern transfer of 
the gel shown in Figure 6.2a. Exposure was against Kodak XAR for 5 days. Size 
markers, in kbp, were derived from S. cerevisiae chromosomal DNA, A phage DNA 
concatemers or A phage DNA digested with Hind III. The ± indicates the mean of two or 
three chromosomal sizes. LM signifies limiting mobility. Experimental conditions are 
described in section 6.2. 
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Figure 6.9 pOYl.l and pOYll.1 hybridisations to the CHEF separation of 
sheep male DNA digests 
Autoradiographs of nick translated pOYl. l (a) and pOYl 1.1 (b) hybridised to an alkaline 
Southern transfer of the gel shown in Figure 6.2b. The filter was hybridised with pOYl.l, 
stripped and re-hybridised with pOYll.1. The exposure times against Kodak XAR were 4 
days for (a) and 6 days for (b). Size markers, in kbp, were derived from S. cerevisiae 
chromosomal DNA, A. phage DNA concatemers and A. phage DNA digested with Hind III 
or Sal I. LM signifies limiting mobility. Experimental conditions are described in section 
6.2. 
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Figure 6.10 pOYl.1 hybridisation to CHEF separation of male and female genomic DNA digested with Sea I 
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Autoradiograph of nick translated pOYl.1 hybridised to an alkaline Southern transfer of 
the gel shown in Figure 6.3b. Sheep 1 DNA was prepared in LiviT agarose blocks (see 
section 5.2) while Sheep 2, Cattle and Goat DNA was prepared from CsCl purification (see 
section 2.2.2.2). Exposure was against Kodak XAR over 10 days. Marker sizes, in kbp, 
were derived from A phage DNA concatemers and A phage DNA digested with Hind III. LM signifies the limiting mobility. Experimental conditions are described in section 6.2. 
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sheep genomic DNA prepared in agarose blocks there are bands at 
approx. 65 & 85 kbp in the male, which are of higher molecular weight 
than the median size shown in Figure 6.9a. Thus there are suspicions 
that this particular digestion (Figure 6.3) may be incomplete. The 
hybridisation is to a region between 45 & 55 kbp with sheep DNA prepared 
by CsCl extraction, which is closer to the median size shown in Figure 
6.9. Cattle and goat males show hybridisation signals at 7 .5 & 15 kbp and 
55 kbp respectively. 
6.4 Discussion 
6.4.1 CHEF Analysis 
The re·sults demonstrate the need to exercise care when 
interpreting data from pulsed field electrophoresis studies. A major 
problem with the restriction enzyme digestion of large molecular weight 
DNA in agarose blocks is knowing the extent of the digestion. This is 
especially significant in relation to DNA fragments at and behind the 
boundary of LM, highlighted by the large amount of DNA remaining at 
the origin and behind the LM boundary for the rarer cutting restriction 
enzymes (e.g. Figure 6. lb). However the lack of DNA and of hybridisation 
at the origin and region of LM may be a sufficient guarantee of complete 
digestion for those restriction enzymes that generate mean fragment 
sizes in the vicinity of 200 kbp and are not susceptible to inhibition by 
methylation (e.g. Sfi I). Also, in the case of this study, a tandem repetitive 
organisation would not be affected as the basic repeating unit could be 
calculated from the difference between successive bands. 
A comparison of the mobility of Sfi l digested sheep genomic DNA 
with yeast chromosomal DNA shows a difference in the median size of 
DNA fragments with the different CHEF conditions used. For example 
the median size of Sfi l fragments, relative to the yeast chromosomal 
markers, is at 270 kbp in Figure 6. la and at 450 kbp in Figure 6. lb, an 
effect possibly caused by the compression of size fractionation with the 
longer pulse times in Figure 6. lb. This demonstrates the difference in the 
separation of a continuous distribution of DNA fragments, compared with 
a few discrete chromosomes (Lai et al., 1989 ). Therefore several stages of 
running conditions need to be devised that separate particular fragment 
sizes of interest (e.g. Brown, 1988). 
The poor sensitivity of the p,OYl.1 hybridisations to alkaline 
I Southern transfers of the CHEF gels implies a problem with the 
preparation of the filters. Varying the DNA depurination and transfer 
times had Ii ttle effect, except increasing the transfer time to at least 24 h. 
However the pOYll.1 hybridisation (Figure 6.7) was to t~e same filter 
c shown in Figure 6.5 that had been stripped. A possible explanation, in 
addition to the higher copy number of OYll.l, is that there may be OYll 
repetitive units distributed throughout the ovine Y chromosome, while 
the OYl repetitive units are confined to a more limited region. Thus 
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pOYl 1.1 would hybridise to the full range of ovine Y-chromosomal 
fragments. Despite these problems, reasonable estimates of the long 
range ovine Y-chromosomal repetitive structure could be made. Better 
estimates would have been achieved over the range of sizes of interest (50 
to 1000 kbp) had the synthesis of A phage DNA concatemers been more 
successful. 
The ultimate result would have been the isolation of the complete 
ovine Y chromosome, not only because of the interest in isolating a 
complete mammalian chromosome, but also because this may have 
allowed the construction of an ovine Y-chromosomal cosmid library for 
ease of long range mapping. This appeared possible with the first 
estimates of the ovine Y chromosome at 8 - 12 Mbp. However this size is 
approaching the limit of separation for present CHEF analysis with yeast 
genomes (Orbach et al., 1988), let alone mammalian genomes. Attempts 
at separating the ovine Y chromosome were not successful, even after 
prolonged pulsed field electrophoresis (CHEF conditions of 3600 sec, 60 V 
and 14 days). Also the analysis of the OYl and OYll repetitive sequences 
suggest the ovine Y chromosome may be larger than the upper estimates 
of 10-: 12 Mbp if other Y-chromosomal sequences are included. As well 
the complexity of the mammalian genome may lead to high molecular 
weight DNA preparations being in such a tangle that it may make it 
impossible for the small Y chromosome to escape. The methods could be 
modified, possibly by preparing agarose blocks with less DNA and varying 
the CHEF conditions to begin with short pulses and a high voltage with 
step changes leading to long pulses and a low voltage at the end. 
6.4.2 Digestion of the Ovine Y Chromosome with Rare Cutting 
Restriction Enzymes 
6.4.2.1 Putative Long Range Structure of the Ovine Y Chromosome 
Indications of a long range structural organisation of the OYl and 
OYl 1 repetitive families on the ovine Y chromosome are given by the 
hybridisations to Cla I, SnaB I and Sfi I digests (Figures 6.5, 6.6 & 6.9). 
The faint band patterns shown correspond to periodicities of 100 kbp for 
Cla I and 200 kbp for SnaB I. The clearest picture of the long range 
structure of the ovine Y chromosome is given by the periodicities of 
15 - 20 kbp for Sfi I (Figure 6.9). It is interesting that the regular spacing 
of the smallErr bands (approx. 15 - 20 kbp) is similar to the combined length 
of the OYl and OYll repeating units as shown by the "AOYll insert 
(Figure 2.13). Thus the OYl and OYl 1 sequences may together comprise 
a repeating unit of 15 - 20 kbp, its higher-order organisation defined by 
Sfi I restriction enzyme sites. The Sfi I band pattern also implies that 
these may have arisen by the cumulative addition of the OYl/OYll 
repetitive units to form a tandem structure. The larger differences in 
band sizes (180 to 280 kbp and 280 to 380 kbp; Figure 6.9) may be generated 
by mutated Sfi I restriction sites. Such continuing chromosomal events 
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may lead to even higher order repeating units as defined by the band 
patterns shown with hybridisations to the SnaB I digest (Figures 6.5 & 
6.6). Although the smallest apparent Sfi I band is 40 kbp there is a hint of 
a BamH I band at 20 kbp (Figure 6.9). This may be related to the basic 
repeating unit containing just the OYl ~d OYll elements .. 
It is also possible that the 25 kbp BamH I band shown in these 
hybridisations (Figure 6.9) may include a second OYll element, which in 
turn may account for some of the high~r copy number of OYll-like 
sequences. How this element is placed in the above structural 
organisation is not clear, but it may be responsible for the 100 kbp gaps in 
the Sfi I band pattern, rather than Sfi I mutations, if a cluster of four of 
these elements originally came together and have become part of the 
hierarchical structure of the ovine Y chromosome. 
Aat II and Sea I also show promise of generating fragments 
indicative of longer range repetitive structures for the ovine Y 
chromosome that could be distinguished from the continuous distribution 
of fragments (Figure 6.9). However further study with these restriction 
enzymes needs to be done to clarify the resolution of the hybridisation 
signals. Of these only Sea I was analysed further for the possib~lity that 
this digestion may be useful for constructing a cosmid library enriched 
for Y-chromosomal sequences utilising the concentration of genomic (and 
Y-chromosomal) fragments at 25-80 kbp. 
The hybridisation of pOYll.1 to the other restriction enzyme digests (BssH II, Eag I, Mlu l, Nru I) seen in Figure 6.7 also supports the notion 
that the ovine Y chromosome is composed mainly of male-specific 
sequences. This is deduced from the observation that the male-specific 
hybridisation region corresponds to the size fractionation .of genomic 
DNA. For this pattern to occur, pOYll.l must have hybridised to most of 
the Y-chromosomal fragments. 
A structural organisation of tandem OYl/OYll repetitive units 
may only apply to the ovine Y chromosome as the relationships of the 
OYl.1 and OYl 1.1 sequences between the various ruminant species (Chapters 3 - 5) indicate that these sequences have either evolved 
differently or have formed different restriction enzyme patterns in the 
various species. For example, the oryx may have accumulated OYll-like 
sequences in a similar fashion to sheep, but in conjunction with 
sequences that are not related to the OYl family (recall Figures 5.5.3 & 
5.4). Also such a higher-order organisation of this molecular size has not 
been previously revealed in mammalian Y chromosomes, let alone 
mammalian genomes, adding to the peculiarity of the ovine 
Y-chromosomal structure. 
6.4.2.2 HTF Islands on the Ovine Y Chromosome 
Rare cutting restriction enzymes have been used to identify possible 
gene coding regions, even in cloned DNA, by virtue of the nature of Hpa II 
tiny fragment (RTF) islands in mammalian DNA (Lindsay & Bird, 1987). 
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These tracts are 0.5 - 3 kbp in length, have 65% G+C and are not depleted 
of CpG dinucleotides (unmethylated). They may also be associated with 
gene sequences (Gardiner-Garden & Frommer, 1987). A high proportion 
of rare cutting restriction enzyme sites may be found at these HTF 
islands, estimated to be 89% for Not I and 74% for Eag l and BssH II (Lindsay & Bird, 1987). Therefore it is significant that Not I digests the 
ovine Y chromosome infrequently, except for two faint bands of 200 & 
500 kbp (Figure 6. 7). This lack of Not I sites on the ovine Y chromosome 
may be a consequence of very few functional genes on the Y chromosome (Goodfellow et al., 1985). That the OYl.1 and OYll.1 repetitive sequences 
may account for most of the ovine Y chromosome rules out the lack of 
detection of ovine Y-chromosomal sequences. The low sensitivity of the 
pOYll.1 hybridisation to the two Not I fragments implies that these may 
be unique sequences, thus further supporting the notion the they may 
contain coding sequences. Hence it is tempting to suggest that the 200 
and 500 kbp Not I fragments may contain functional gene coding regions. 
If so, they may represent the region from which· the putative OYll.1 
functional homologues are derived. 
CHAPTER 7 
GENERAL DISCUSSION 
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7 GENERAL DISCUSSION 
7.1 Molecular Structure of the Ovine Y Chromosome 
The molecular structure of the ovine Y chromosome appears to be 
markedly different to the human and mouse Y chromosomes because of 
its extremely high proportion of Y-specific DNA. The only similarity 
appears to be the sharing of OYll.1 homologues, although in vastly 
different amounts. Two repetitive families, named OYl and OYll, may 
account for up to 10 Mbp of the ovine Y chromosome. These have 
homologues through the ruminant lineage and are associated with each 
other on the ovine Y chromosome. The short and long range organisation 
of the ovine Y chromosome will be discussed in relation to these repetitive 
families. 
7.1.1 Short Range Organisation 
The OYl and OYll repetitive units are distinguished by their 
internal structures, which in turn determine the main hybridising 
signals to BamH I sheep genomic DNA digests (e.g. Figure 2.10). The 
OYl family (described in Chapter 3) is derived from a cluster of Y-specific 
sequences, some of them internally repeated (Figure 3.11), which 
hybridise mostly to 5.5 & 8.5 kbp BamH I fragments (Figures 3.2a, 3.5 & 
3.6). Since the related subclones of the OYl family are adjacent in the 
phage inserts, the BamH I fragments that hybridise with these subclones 
are probably adjacent in the genome. Distributed within or adjoining the 
OYl-like sequences are other Y-specific DNA sequences, sequences 
shared by both sexes, SINEs and functional coding regions. In contrast 
the more numerous OYl 1 unit ( described in Chapter 4) is based on an 
integrated processed pseudogene and hybridises mostly to a 6 kbp BamH I 
fragment in sheep DNA digests (Figure 4.2). Of the 4 kbp that have been 
sequenced for the single sheep OYl 1 representative, the only significant 
internally repetitive sequences are the short direct repeats generated 
during the integration event and the imperfect 42 bp adjacent direct 
repeats at the beginning of the ORF sequence. However, it must be 
stressed that the repeat boundaries may not be defined necessarily by the 
BamH I recognition sites, since there is hybridisation to other BamH I 
fragments (e.g. Figures 3.5 & 4.2) The OYl and OYl 1 families may 
include other BamH I fragments from the sheep genomic DNA digests 
which hybridise with these ovine Y-chromosomal sequences. 
SINEs are adjacent to the OYl.1 homologous region in four of the 
phage clone inserts. This is interesting in relation to the lack of 
ruminant dimer family (RDF) elements in the recombinant phage inserts 
that contain the 124 bp Hind III tandem clusters. Both RDF and Hind III 
elements occur in the same position relative to the OYl.1 regions (Figure 
2.13). Hence the same position in representatives of the OYl family may 
have been witness to different integration events of either the 124 bp 
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Hind III tandem cluster or a RDF element. The similar positions shown 
by these repetitive elements implies that they have been replicated since by 
virtue of their association with the OYl family. That only four of the 
phage clone inserts contain RDF elements and a fifth insert contains an 
art2 element implies a low frequency of SINEs on the ovine Y 
chromosome. It is possible that there has been competition with the 
124 bp Hind III tandem cluster for insertion sites. 
There are two implications of a low frequency of RDF elements on 
the ovine Y chromosome. First, little disruption of the ovine Y 
chromosome may be expected as homologous pairing between SINEs and 
subsequent crossover would be rare. Also there may be little or no 
opportunity for the SINEs to interact independently as the OYl- and 
OYll-like sequences may have a strong influence on the ovine 
Y-chromosomal organisation since the bulk of the ovine Y chromosome 
may comprise OYl and OYll sequences. Second, there would be little 
divergence of the ovine Y-chromosomal sequences from Y-specificity as 
interchromosomal exchanges would be rare. 
7.1.2 Long Range Structure 
The close association of OYl and OYl 1 sequences is suggested by 
the structural map of A.OYll (Figure 2.13), the hybridisation of pOYll.1 to 
six of the phage inserts (Figure 2.12), and the hybridisation of pOYl.1 and 
pOYll.1 to similar Sfi I fragments (Figure 6.9). As discussed in Chapter 6 these hybridisations to Sfi I digests identify a tandemly repeated 
structure, beginning at a size of 40 kbp and increasing in steps of approx. 
15 - 20 kbp up to 180 kbp. Thus the lower limit of the tandem repeating 
unit may be represented by the 15 - 20 kbp additions, which is the sum of 
the OYl and OYll major BamH I fragments. 
The 40 kbp Sfi I fragment may represent a dimer of the OYl and 
OYll core elements with successive additions to generate the Sfi I ladder 
up to 180 kbp. Continuing unequal exchange events, insertions or 
restriction enzyme polymorphisms may have generated higher molecular 
weight units of 270 - 290 kbp and 370 - 390 kbp. Hence there may be a 
longer range hierarchical order of these OYl/OYl 1 elements that may 
represent a large portion of the ovine Y-chromosomal molecular 
organisation. In other words the OYl and OYl 1 sequences have formed 
tandemly repetitive units -that can be defined by the restriction enzyme 
Sfi I. A further higher-order unit may be defined by SnaB I (Figures 6.5 & 6.6). 
The suggestion was made that this tandem structure may be 
distributed throughout the ovine Y chromosome (Chapter 6). This is 
based on the assumption that the OYl and OYll repetitive units comprise 
80% of the ovine Y chromosome. However what is not known is the 
organisation of the excess OYll units (1000 copies) over the OYl units (290 
copies). Presumably they have a tandem arrangement similar to 
multigene families (Maeda & Smithies, 1986). Also it is not known if the 
i 
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ovine Y chromosome has regions comparable to those described for the 
human Y chromosome in section 1.2.3, i.e. pseudoautosomal, Y-specific 
short arm, euchroma tic long arm and heterochroma tic long arm. 
7.1.3 Theoretical Constraints 
From the hybridisation studies and dot blots it has been estimated 
that the OYl and OYll repetitive units may account for up to 10 Mbp of 
the sheep Y chromosome. This may leave as little as 2 Mbp for the 
remainder of the sequences (functional coding, centromeric and possibly 
heterochromatic sequences) if the estimates of genomic abundance, size 
of the repetitive units, and size of the ovine Y chromosome at an upper 
range of 12 Mbp, are valid. It must be stressed that the value of 10 Mbp for 
the OYl and OYll repetitive families is an upper limit as they hybridise to 
other BamH I fragments in sheep genomic DNA digests (Figures 3.5 & 
4.2). 
The most contentious point is correlating the majority of 
hybridisation with the 5.5, 6.0 & 8.5 kbp BamH I fragments by OYl.1 and 
OYll.1 as signifying the dominant repetitive unit. The assumption is 
also made that the copy numbers of these fragments are equivalent to the 
copy numbers of OYl.1 and OYl 1.1 as pOYl.1 hybridises mostly to the 
8.5 kbp BamH I fragments and pOYll.1 hybridises mostly to the 6 kbp 
BamH I fragment (Figures 3.2a, 3.5a, & 4.2). That two or more copies of 
the OYl and OYll repeats may be within the main BamH I fragments is 
doubtful as there are only single representatives of these sequences on the 
recombinant phage inserts (Figure 2.13). On the other hand it may be 
fortuitous that the ovine Y chromosome comprises such an array of 
Ba m H I fragments as it has led to an easier understanding of its 
molecular structure. 
A weakness in the argument for most of the OYl and OYll 
repetitive units being defined by the BamH I fragments is that only one of 
the phage clone inserts, i.e. from AOYll, actually shows the 5.5 & 8.5 kbp 
OYl-like fragments adjacent to OYll.l, which in this case may be an 
incomplete 6 kbp BamH I fragment (Figure 2.13). It would be expected 
that if a large proportion of the ovine Y chromosome comprises tandem 
copies of OYl and OYll repetitive units defined by BamH I restriction 
sites then they would comprise the majority of the isolated phage clone 
inserts. The possibility exists that those inserts that have sequence 
similarity closest to BRY.2 would give the strongest signals during the 
primary library screen and may conform to the variable cattle-like 
BamH I organisation rather than the regular sheep structure. It may be 
no coincidence that AOYll gave the weakest primary screen signal (result 
not shown). 
The estimate of the molecular size of the ovine Y chromosome is 
crude. The figure of 12 Mbp is based on the relative sizes in a metaphase 
spread and assumes a genome complexity of 6 x 109 bp (Britten & 
Davidson, 1971). The size of the sheep genome is estimated to be only 69% 
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of the human genome, although this result has been classed as unreliable (Bachmann, 1972). If it is correct then it would reduce the size of the 
ovine Y chromosome to 8.2 Mbp, which appears to be too small. 
Considering that the OYl and OYll repetitive units may account for up to 
10 Mbp and the ovine Y chromosome did not migrate during prolonged 
CHEF electrophoresis (unpublished results), a size of 12 Mbp or more is 
preferred. 
7.1.4 Comparison with other Mammalian Y Chromosomes 
The ovine Y-chromosomal repeats that have been sequenced are 
unlike any other mammalian Y-chromosomal repeats isolated so far. 
Their repetitive nature is specific to the male bovids, while the OYl 1.1 
sequence is conserved in eutherian species. The only valid comparisons 
between species have been of OYll.1 homologues and BRY.1 sequences. 
Even for the OYll.1 homologues it appears that the sheep and cattle 
sequences have evolved differently by virtue of a RDF element in the cattle 
sequence. No complete sequence data are available from BRY.2 and 
BRY.3 for comparison with the OYl family. The ovine Y-chromosomal 
sequences bear no relationship to other bovine Y-chromosomal repetitive 
elements that have been described (Cotinot et al., 1987; Ellis et al., 1988). 
The OYl.1 and OYll.1 sequences together represent 7125 bp of DNA 
that is almost completely male-specific throughout the bovids. This is in 
contrast to many of the known human Y-chromosomal repeat sequences 
which are shared by the X chromosome or autosomes in humans and 
other higher primates (Erickson, 1987; reviewed by Smith et al., 1987). 
This human arrangement is probably due to not only the obligatory 
crossover that occurs between the pseudoautosomal region of the human 
X and Y chromosomes (Burgoyne, 1982), but also homologous pairing 
between repeated sequences. This applies particularly to SINEs and 
LINEs whose sequences have integrated into the human Y chromosome (Smith et al., 1987). The consequence of these events is that they may 
increase the probability of interchromosomal exchange between the Y 
chromosome and the X chromosome or autosomes with possible loss of 
viability (e.g. Andersson et al., 1988; Gal et al., 1987). 
The human Y-chromosomal · long arm is dominated by 
heterochromatin (Goodfellow et al., 1985), which in turn is dominated by 
families of Hae III tandem fragments of 2.4 & 3.4 kbp. Both of these 
families contain a complex pattern of Y-specific sequences interspersed 
with non-Y-specific sequences (Smith et al., 1987), unlike the ovine 
Y-chromosomal repeats. Giems~ banding studies have indicated 
centromeric heterochromatin on the cattle, sheep and goat Y 
chromosomes (Schnedl & Czaker, 197 4). Certainly the use of pBRY.2 for 
the primary library screen discriminated against isolating such 
sequences. 
Mouse Y-specific repeats, described by N allaseth & Dewey (1986), 
have been estimated to comprise approx. 10% of the mouse Y 
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chromosome. One of these sequences is proposed to be a part of a 9. 7 kbp 
Hpa I unit and has a copy number of 100-200. This would place it in a 
group similar to the OYl family. The other group of sequences 
comprising male-specific elements in mice shows a clustered and 
scrambled nature, which is consistent with the lack of fixation of a 
repeating unit. 
A high proportion of male-specific sequences on the Y chromosome 
may not be confined to sheep. The Y chromosome of ruminant animals 
tends to be small (e.g. Hsu & Benirschke, 1968), except for the sitatunga in 
which the Y chromosome represents 7.29% of the haploid genome (Wurster et al., 1968). The OYl.1 and OYll.1 sequences have been shown 
to exist in all of the ruminants that were screened (Figures 3.5, 4.2, 5.3 & 
5.4) representing conservation over 30 million . years since the Cervidae 
and Bovidae divergence. However their repetitive nature is confined to the 
bovids. The variation in size and hybridisation intensity of the BamH I 
fragments identified by OYl.1 and OYl 1.1 in the bovids suggests that 
these sequences have evolved differently. It is unknown whether this is a 
consequence of different elements comprising the OYl and OYl 1 families 
or of restriction enzyme polymorphisms or both. Certainly some of the 
BamH I fragment sizes amongst those hybridising with pOYll.1 from the 
cattle, sheep and goats were similar, suggesting a common structure (Figure 4.2). 
It is possible that the species which show a repetitive nature of both 
OYl and OYll, i.e. sheep, cattle, goats, barbary sheep and sitatunga, may 
have a similar repeating unit to that of the OYl and OYll repetitive unit. 
This implies a common lineage of these species. However until sequence 
data and long range mapping analysis of the OYl and OYll repetitive 
families in other bovid species is done, very little can be said about the 
structural organisation of these repetitive elements in other bovid species. 
7.2 Proposed Evolution of the Ovine Y-Chromosomal 
Structure 
The crux of ovine Y-chromosomal structure is that the repetitive 
nature of the OYl and OYll families can not be explained by natural 
selection. Firstly, it has not been established that these repetitive families 
have a functional role in cellular structure or function. Even if they do 
have a functional role, natural selection acts on structures and processes 
formed from expressed RNA or peptides. Any change by selection needs 
to over-ride cell to cell, peptide to cell, translational and transcriptional 
pathways before having an effect at the DNA sequence level (John & 
Miklos, 1988). Therefore, at the DNA level, changes are more likely to 
occur from within as a consequence of the processes of genomic flux. 
Selection may determine whether or not such changes are viable and 
confer an advantage on the host (John & Miklos, 1988). Secondly, there is 
some evidence of concerted evo1ution (section 1.1.5); e.g. the three BRY.1 
sequences within the OYl family have 96% nucleotide identity but only 
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86% nucleotide identity with the cattle BRY.1 sequence; the five BRY4 
sequences have >95% nucleotide identity between themselves but only 86% 
nucleotide identity with OYll.1. 
The approach that has been taken to explain the origin and 
accumulation of the OYl and OYll families within the ovine Y 
chromosome is one of chromosomal change as a consequence of 
interaction between repetitive sequences (Chapters 3 & 4), to the extent it 
now appears that the OYl- and OYll-like sequences have been 
co-replicating together as one longer repeating unit (Chapter 6). The 
maintenance of these OYl/OYll sequences on the ovine Y chromosome 
possibly occurs via the processes involved in molecular drive (recall 
section 1.1), such as unequal exchange and conversion. The important 
aspects of these processes, developed to explain the tandem and concerted 
nature of multigene families (Dover, 1982; Gerbi, 1985; Maeda & Smithies, 
. 1986), can equally apply to the OYl/OYll repetitive units. Therefore it is 
possible to assemble the data that have been presented in the previous 
chapters on the OYl and OYll families into a proposed sequence of 
events leadin_g to the present day structure of the ovine Y chromosome. 
The Y chromosome that entered the ruminant lineage began as a 
small chromosome containing amongst its functional domains a gene 
comparable to the OYll.1 ORF. A copy of this gene must be on the Y 
chromosome to allow for the subsequent Y-specific replication of the 
OYll.1 sequence. In .the illustration (Figure 7.lA-C) the functional gene 
has been represented by three exons as based on the comparison of ZFY 
genomic and Zfy-1 transcript structures (Page et al., 1987b; Mardon & 
Page, 1989), i.e. as three domains: the DNA recognition and zinc finger 
region, the activator or acidic amino acid region, and the linking region; 
however this has no relevance to the proposal. A functional counterpart 
is also assumed to be on the X chromosome because of the similar 
hybridisation sensitivity illustrated by pOYll.1 to the deer genomic DNA 
digest (Figure 4.2). In addition there may have been some sequences that 
now comprise the OYl family, such as the 570 bp broken direct repeat. 
Otherwise, there is assumed to have been very Ii ttle resemblance to the 
present day ovine Y chromosome. 
The critical initial duplication event that was required to initiate 
the accumulation of repetitive sequences on this ancestral ruminant Y 
chromosome was provided by the duplicative transposition, within this Y 
chromosome, of the functional gene sequence homologous to the OYll.l 
ORF (Figure 7. lA). Such an event would involve the integration of a 
processed transcript of this functional gene into the germ line as 
discussed in section 4.4.2 and outlined in Figure 7. lA. This duplication 
event probably occurred soon after the divergence of the Bovidae and 
Cervidae Families approx. 30 mya (cited in Harrington, 1985), as OYl 1.1 
was shown to be near single copy in both sexes of fallow deer and was of a 
single copy nature in the male giraffe (Figures 4.3 & 5.4). 
As explained in section 4.4.2, misalignment between sister 
chromatids through homologous pairing of the integrated processed 
... 
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sequence and the original functional sequence led to unequal exchange. 
A preference was established for the allelic combination with two 
processed pseudogene sequences (Figure 7. lB). Further rounds of 
unequal exchange and conversion, favouring the processed pseudogene 
and flanking sequences (Figure 7.lC), led to the accumulation of OYll-
like sequences on an ancestral bovid Y chromosome. These initial rounds 
of replication must have occurred rapidly in the bovid ancestor as the 
OYll-like sequences are repetitive in all four sub-families that were 
screened. Obviously, species from other sub-families would need to be 
examined to determine if the duplicative transposition of the OYll-like 
sequence was a totally Bovidae event. 
These events leading to accumulation of the OYll repetitive family 
would be expected to have an effect on other Y-chromosomal sequences, 
possibly leading to their accumulation in parallel with the OYll-like 
sequences or to their loss from the Y chromosome. An . example of the 
accumulation option is the concomitant evolution of the OYl family of 
repetitive elements (Figure 7.lD). As described in Chapter 3, the OYl 
family is a collection of Y-specific sequences up to 14 kbp in length. Early 
in the evolution of the bovid Y chromosome there may have been 
Y-specific sequences, such as the 570 hp direct repeat and the 132 bp 
inverted repeat. Some of these sequences could possibly have originated 
from ancestral mammalian Y-chromosomal origins as indicated by the 
results of database searches (section 3.4.2). These Y-specific sequences 
would be evolving separately, without any of them becoming dominant, as 
unequal exchanges and replication quirks (Dover & Tautz, 1986) would 
cause deletions, insertions and duplications. Thus any attempts to form 
ordered repetitive units would result in a clustered and scrambled 
organisation (Wensink et al., 1979). 
It is proposed that a region of Y-specific DNA of 14 - 15 kbp, 
represented by the present day BamH I fragments of 5.5 & 8 - 9 kbp 
hybridising with the phage clone inserts (Figure 2.10), became replicated 
by virtue of being flanked by OYll-like elements. Therefore the initial 
accumulation may have involved OYll/OYl/OYll repeating units, shown 
as the 25 kbp BamH I fragment hybridising with pOYll.1 (Figure 6.9). 
Further rounds of unequal exchange between these OYll/OYl/OYll 
repeating units and single OYll units led to replication of the OYl/OYll 
unit (Figure 7.lD). This combination of the OYl- and OYll-like 
sequences has now formed a tandem structure (Figure 7. lE) revealed by 
hybridisation of pOYl.1 and pOYll.1 to Sfi I digests (Figure 6.9). 
The insertion events of the Hind III tandem cluster and RDF 
elements into OYl members would have occurred soon after the initial 
rounds of replication of OYl_-like sequences, followed by their subsequent 
replication. That the OYl family arose by co-replication with the OYll 
family may also explain the low repetitive nature of OYl.1 sequences in 
the males of deer and giraffe (Figures 3.5a & 5.3a). 
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The timing and extent of this concurrent replication of OYl-like 
sequences has varied between species. This can be correlated to the copy 
numbers (tables 3.1 & 4.1) and the intensity of hybridisation (Figures 3.5, 
4.2, 5.13 & 5.14) of pOYl.1 and pOYll.1 to the different ruminant species. 
For example, OYl.1 appears to be of a moderately repetitive nature in the 
males of cattle, sheep, goat, barbary sheep and sitatunga, but of low 
abundance in the male oryx. This suggests, referring to Figure 5.1, a 
common lineage of the Tragelaphinae, Bovinae and Caprinae 
Sub Families and the divergence of the Hippotraginae Sub-Family before 
the co-replication of OYl-like sequences with the OYll family. In 
addition, the equal copy numbers in male cattle (tables 3.1 & 4.1) indicates 
that OYl.1 and OYll.1 homologous sequences have replicated together, 
assuming that the organisation of the OYl and OYl 1 families in cattle is 
similar to that which is apparent on the ovine Y chromosome. In the 
sheep the lower copy number of OYl.1 to OYll.1 suggests either the 
replication of OYl.1 sequences began later or there has been a loss of OYl 
members. 
The OYl and OYl 1 families have continued to evolve together to 
form the present day ovine Y-chromosomal structure. The addition of 
repeating units containing sequences from both of these families has 
contributed to the tandem arrangement, up to 180 kbp, shown by the 
hybridisations to Sfi I digests of sheep genomic DNA (Figure 6.9). These 
in turn may have formed larger repeating units of several hundred kbp 
defined either by the larger Sfi I repeats or the SnaB I digestions (Figures 
6.5 & 6.6). 
. 
It is not known if these larger replication steps have been gradual 
or rapid, or indeed if they have all resulted in the addition of sequences. 
Unequal exchange between sister chromatids may either contract or 
expand repetitive arrays (recall Figure 1.2) and, in the case of the ovine Y 
chromosome, may result in either the gain or loss of OYl/OYll repeating 
units. The apparent small size of the ovine Y chromosome may be a 
consequence of the loss of DNA. Again, it is not known if such a loss has 
been gradual or if there has been a massive loss of DNA sequences at one 
or several stages. However the retention of the OYl/OYll repeating unit 
has been favoured as judged by their hierarchical order. This partiality is 
possibly further enhanced by the large proportion of the ovine Y 
chromosome that may be attributed to the OYl- and OYll-like sequences 
in that disruptions to the OYl/OYl 1 organisation may disrupt functional 
domains. 
A major factor contributing to this proposed evolution of the ovine Y 
chromosome is that all the above events have occurred 
intrachromosomally. This is necessary to explain the male-specificity of 
the repetitive elements. The only possible interchromosomal exchange 
that has been observed is the presence of SINEs, although sequences 
indicating other events may have been discriminated against during the 
primary library screen. Whether there is pairing between the X and Y 
chromosomes of sheep is unknown. The apparent high frequency of 
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male-specific sequences and the near regular nature of the OYl/OYl 1 
repeating units may imply the absence of a regular pairing region, as has 
been observed in marsupial species (Sharp, 1982). Even the presence of a 
shared OYll.1 homologue with the female is not suggestive of a 
pseudoautosomal region as, in the case of the humans, the ZFY 
homologues are outside of this pairing region (Page et al., 1987b). 
However as observed by Pathak & Hsu (1979) and proposed by Burgoyne (1982) pairing of the X and Y chromosomes probably occurs in cattle and 
goats, so there is good reason to believe the same happens for sheep. 
The proposed evolution of the ovine Y chromosome demonstrates 
the turnover of sequences that is rife within the mammalian genome, in 
particular unequal exchange between sister chromatids. The gain, loss 
or duplication of certain sequences can be caused simply by the 
interaction of repetitive sequences. All this time the functional coding 
regions for testis determination and spermatogenesis have been 
maintained as any disruptions to these regions would not be viable. In 
the case of the ovine Y chromosome, its structure is a legacy of three 
. 
maJor occurrences: 
1. The re-integration of a processed gene sequence into the bovid 
Y chromosome. 
2. The replication of OYl 1 repetitive units on all bovid Y 
chroma some s. 
3. The formation of a large and complex OYl/OYll repeating 
unit on some bovid Y chromosomes. 
Other events, such as the integration of the Hind III tandem 
cluster in sheep only, show the continuing complexity of genomic flux. 
7.3 OYll.1 Processed Pseudogene 
A most remarkable finding is the OYll.1 processed pseudogene. 
As discussed above this sequence possibly initiated the repetitive structure 
of the proposed bovid Y chromosome evolution and may constitute, along 
with flanking sequences, half of the ovine Y chromosome. Even more 
outstanding is that this sequence is conserved throughout the eutherian 
species tested. Since this processed pseudogene has been derived from a 
functional gene, two important questions arise. Firstly, how 
representative is the processed sequence to the present day functional 
gene? A cattle cDNA homologue has been isolated but it only corresponds 
to the last two-thirds of the OYll.1 ORF. Secondly, what role has the 
functional equivalent ·or the OYll.1 ORF? On the Y chromosome there is 
not much choice: regulation of testis determination and spermatogenesis 
at the very least. 
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The first question can't be answered until more sequence data 
becomes available, especially from the female (and hopefully functional) 
genomic homologue, and from a complete cDNA homologue. Inferences 
to the human ZFY sequence can be made regarding the second question 
as discussed below. 
7.3.1 Role of the Putative Peptide 
The putative peptide that may be coded by BCYlla has no known 
function, but it could have DNA-binding and transcription activating 
capabilities as was discussed in section 4.4.3. A role for such a peptide in 
mammals is equally mystifying but a parallel can be made with ZFY and 
ZFX homologues (Page, 1988) as regards to a role in sex determination. 
This is because of the likely positioning of the OYll/BCYlla gene 
sequence on the X and Y chromosomes, the highly conserved nature of 
these sequences in eutherian species, and their putative transcription 
initiating function. These aspects were inferred from the hybridisation of 
pOYll.1 to similar fragments in males and females and the Y-specific 
bands in mice (Figures 4. lb & 4.2b), by the argument that replication of 
OYll units required a gene sequence to be on the Y chromosome (section 
4.4.2), and the putative zinc-binding domain. However the OYll/BCYlla 
and ZFY sequences differ, related in part by the zinc-binding domain. It 
may be possible that both of these X- and Y-chromosomal "genes" are 
involved in early mammalian development. If this is the case then they 
could comprise components of a multigene family. That multigene 
families may have a role in regulating mammalian development was 
reviewed by Dressler & Gruss (1988). Hence the OYll/BCYlla sequences 
may provide further evidence for the regulation of early mammalian 
development by multigene families. 
Since the functional counterpart of the OYll.1 ORF may be 
expressed in the adult bull testis only (S. Beaton, pers. comm.) it is 
possible that it could have a role in gametogenesis, rather than in early 
embryonic development. Likewise Zfy-1, a mouse cDNA homologue to 
ZFY, has been found to be only expressed in the adult testis (Marden & 
Page, 1987b), although it was assigned to the testis determining region (section 1.2.1.3). · 
7 .3.2 Bovid Evolution 
An intriguing possibility exists for the evolution ' of the Family 
Bovidae if some of the repeated processed sequences are still expressed, as 
implied by the expression of testis-specific phosphoglycerate kinase from 
a processed sequence (McCarrey & Thomas, 1987), or that some of the 
repetitive OYl! units are functional coding sequences. Could there be a 
selective advantage to bovid males of a larger number of transcripts? This 
is exemplified the anonymous quotation on page 310 of John & Miklos (1988): 
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"Selection may account for the survival of the fittest but fails to account for 
the arrival of the fittest" 
The Bovidae Family has been described as the most successful in 
the Order Artiodactyla in terms of species, herd numbers and distribution 
throughout the world (MacDonald, 1984). It is tempting to suggest that 
the ~ccumulation of still functional OYll.1 processed gene sequences led 
to the success of the bovids. In other words the generation of extra copies 
of this gene sequence presented better opportunities for survival. One 
such possibility, knowing the Y-chromosomal location of these repeated 
ORFs, are the large testes, small ejaculate volume and high 
concentration of sperm in domestic cattle and sheep compared to the high 
volume and low sperm concentration in pigs and horses (Jochle & 
Lamond, 1980). Cattle and sheep have 1000 copies of the OYll.1 sequence 
with all of the bovids displaying a repetitive nature. If the assumption is 
made (without justification) that the repetitive nature of the OYll repeats 
are responsible for the above testicular characters, this permitted mating 
with a greater number of females which in turn allowed for the greater 
spread of characters from a dominant male and larger herd sizes. Both 
would increase the viability of these species. 
The important message from the above suggestion is that the 
success of the bovids could have originated from a change within the 
genome that accumulated by processes of molecular drive. The bovids 
were given an advantage that selection merely continued and could 
explain the biased accumulation of this sequence in the bovid lineage. 
This is purely speculative and obviously much study on the relationship 
between the OYll family and the sex characteristics mentioned need to be 
done on the bovid species. Other characteristics which might have given 
the bovids a selective advantage need to be taken into account, especially 
their ability to utilise low quality feed. As well, the Cervidae Family is 
widespread, but no replication of the OYl 1.1 homologues is shown in the 
one species tested. Finally the disrupted ORFs of the BRY 4 homologues 
discount the above notion if they are representative of the cattle 
homologues. 
7.4 R.AMifications of the Ovine Y Chromosome Study 
7 .4.1 Sexing Livestock Embryos 
I 
Sexing, or any manipulation, of livestock embryos is required to be 
rapid and accurate so that the collection and transfer of embryos can be 
achieved within the same day. This rules out the use of metaphase · 
spreads and in situ hybridisations. An improvement was made using , 
Y-specific probes (OYl.1 and OYll.1) on dot blots of embryonic cells. 
However this has sensitivity problems when the number of cells in an 
I' 173 
I 
I 
assay is low and when alternative non-radioactive labelling methods are 
tried (K.I. Matthaei, pers. comm.). 
A routine protocol has been developed to enable the sexing of 
livestock embryos on the farm that is both very quick and very accurate (Herr et al. 1989a; 1989b) and can be done in conjunction with multiple 
ovulation and embryo transfer (MOET). The sexing assay is based on the 
polymerase chain reaction (PCR; Saiki et al., 1985). Fortuitously the bovid 
Y chromosome contains OYll.1 homologues which are highly .conserved 
and have a several hundred to 1000-fold occurrence in males over 
females. Hence primers for the PCR assay have been derived from base 
sequences, 120 bp apart, that are identical in cattle, sheep and goat 
OYll.1 homologues. These sequences correspond to a region of the 
zinc-binding domain of the putative peptide. 
The sexing primers also successfully discriminate DNA in 
lymphocytes from male and female Bison and Brahman animals (C. 
Herr, pers. comm.), both of which are closely related to domestic cattle. If 
similar MOET and sexing techniques can be applied to endangered 
species, herd numbers may be raised by ensuring female embryos are 
born to increase the breeding herd of female animals. The PCR assay has 
also been applied to the DNA of lymphocytes of red deer (Cervus elaphus) 
and human. As expected these gave a similar small amount of product 
in both sexes (C. Herr, pers. comm.), but demonstrate the conserved 
nature of OYll.1 ORF region in eutherians. 
7 .4.2 Further Research 
This study was unique as it followed a trail that led to the creation 
of an evolutionary plan for the ovine Y chromosome. Along that trail 
many side routes could have been taken. These include the exciting 
possibilities for further research concerning the interest in 
Y-chromosomal genes and the molecular evolution of the ruminant Y 
chromosome. 
Although it is postulated that the location of the OYll.1 homologous 
sequences in the female are on the X chromosome, this still requires 
cytogenetic confirmation. Already a female homologue to the OYl 1.1 
sequence has been isolated (D.A. Mann, pers. comm.) which, if it 
represents a functional domain, will overcome the problem of defining the 
actual coding sequence. Continuing molecular studies of this putative 
gene sequence may require isolation of the complete cDNA sequence, 
preferably from a ram testis cDNA library to allow for better comparison 
with the OYll.1 ORF. Another possibility is to characterise the two Not I 
fragments which hybridise with pOYll.1 (Figure 6.8) to determine if 
these actually contain gene coding regions. 
Studies on the nature of the BCYlla cDNA homologue in sexually 
aberrant humans and the Sxr mouse are underway (R.P. Erickson pers. 
comm.). Confirmation that this sequence is expressed is still required, 
although the BCYlla sequence has a polyadenylation site at the end of its 
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sequence. The comparative level of expression- between different 
ruminant species may also offer clues to the importance of this sequence 
in bovid evolution. The stage of development (embryonic to adult) or 
gametogenesis at which it may be expressed also needs to be determined. 
This may involve in situ hybridisation to mammalian testis slices which 
will capture spermatogenesis at different stages (e.g. Leroy et al., 1987). 
Antibodies raised against the BCYlla sequence will facilitate such 
experiments (M.P. Bradley, pers. comm.). 
Other fragments from the phage clones also need attention. 
Results so far (S. Beaton) have shown that OY7 .2 hybridises to foetal bull 
testis poly(A+)RNA and BCYl0a, an adult bull testis cD~A homologue of 
OYl0. l, hybridises to a discrete male-specific fragment in cattle genomic 
DNA digests. However the PTRs of the AOY2 and AOY8 inserts may 
represent SINEs. As far as the ovine Y-chromosomal structure is 
concerned, sequencing the complete AOYl 1 insert will provide further 
clues to the organisation of the OYl and OYll family of repeats as this 
insert appears to contain representatives of both of these repetitive 
families. Other sequences from the ovine Y chromosome, for instance 
centromeric and heterochromatic repeats, need to be identified to 
complete the structural map of the ovine Y chromosome. Further long 
range mapping studies can involve double digestions and screening with 
known Y-chromosomal loci probes and telomeric probes to see if they can 
offer clues to complete the map. 
Since the ovine Y chromosome appears to be markedly different 
from the primate and rodent Y chromosomes the evolution of the 
ruminant Y chromosome requires more attention, with regard to the 
comparable organisation of the mammalian Y chromosome. Firstly, 
confirmation of pairing between the ruminant sex chromosomes during 
meiosis by electron microscopy, similar to the study of marsupial sex 
chromosomes (Sharp, 1982) is required. Secondly, a representative Y 
chromosome from the Family Cervidae needs to be studied to compare its 
molecular structure. Thirdly,' the molecular structure of Y chromosomes 
from species of other bovid Sub-Families may help to define more clearly 
the evolution of the OYl- and OYll-like sequences. Finally, a molecular 
study of the sex chromosomes from the sitatunga may offer clues to the 
genomic processes that led to their abnormally large size. 
7.4.3 Mammalian Genome Complexity 
Personally, a much better understanding of what mammalian 
genomes are really about has been achieved. This is especially so with 
regard to repetitive DNA and the processes of g~nomic turnover. 
Together these two major aspects of mammalian genomes have 
established the structure of the present day ovine Y chromosome, the only 
functional constraint being the maintenance of male fertility. The 
molecular structure of the ovine Y chromosome is a stunning example of 
the processes of molecular drive, with the added speculation that the 
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success of the Family Bovidae may be due to such processes. Hence the 
molecular organisation of the ovine Y chromosome provides an 
alternative and particularly fruitful model for determining the 
organisation and evolution of mammalian genomes. 
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APPENDIX 1 : DNA SEQUENCE OF OYl 
10 20 30 40 50 GAATTCATGTCAGAAATTTCAGCAATGACCATTGGGTATCTTTGGCAGGA 
CTTAAGTACAGTCTTTAAAGTCGTTACTGGTAACCCATAGAAACCGTCCT 
EcoR I OYl.2 and OY9 homology begin 
60 70 80 90 100 
CTGCTATTGCCTAGAGTCTGGACCCTGAAAACCAGCAGGCCCTGAACTAC 
GACGATAACGGATCTCAGACCTGGGACTTTTGGTCGTCCGGGACTTGATG 
110 120 130 140 150 CCCAGGGGCTTCTCAGTCTTCCCACTCTCCTGAGGTCCCTTGGGACATAC 
GGGTCCCCGAAGAGTCAGAAGGGTGAGAGGACTCCAGGGAACCCTGTATG 
160 · 170 180 190 200 
AGTTTACCCACCGCCCTTGTCTTTACTCTGTTCCCACTCTCACAGGCATA 
TCAAATGGGTGGCGGGAACAGAAATGAGACAAGGGTGAGAGTGTCCGTAT 
210 220 230 240 250 
TCCTGGAATAGGGTCACACAGGTAAACCCAGCTTGCACTTTCCTCGCCTT 
AGGACCTTATCCCAGTGTGTCCATTTGGGTCGAACGTGAAAGGAGCGGAA 
260 270 280 290 300 
TTGGCACTGCCAGGGAGGCAGGCTGGAAGTGCCTGGAGGCATGCCACGCT 
AACCGTGACGGTCCCTCCGTCCGACCTTCACGGACCTCCGTACGGTGCGA 
310 320 330 340 350 
TACAGACCATGTCTCTCCTAGGATGCCTGTGGTTTGGCAGATACAGCATA 
ATGTCTGGTACAGAGAGGATCCTACGGACACCAAACCGTCTATGTCGTAT 
360 370 380 390 400 CTTTAGCACATCTCATGTTTTGTGTCACATCGTGCCAGTGTGTGCCACCC GAAATCGTGTAGAGTACAAAACACAGTGTAGCACGGTCACACACGGTGGG 
410 420 430 440 450 
TCAGGGAGGGCGTGTGCTGGCTACTGAGCTGATCTGGGGCAGCACTGGCC 
AGTCCCTCCCGCACACGACCGATGACTCGACTAGACCCCGTCGTGACCGG 
OY 4 homology begins 
460 470 480 490 500 CAGGACCTTCCCAGTTATCCCATTCATGTGTGTGGAACAATCTCCAGTGC 
GTCCTGGAAGGGTCAATAGGGTAAGTACACACACCTTGTTAGAGGTCACG 
510 520 530 540 550 
AGCAGGCAATCTATGACTCTTTCTCCTTCAGGTCTCTGCCCATCTCGGCA 
TCGTCCGTTAGATACTGAGAAAGAGGAAGTCCAGAGACGGGTAGAGCCGT 
560 570 580 590 600 GGACCGTAGCCTCACCATCCAGGGTCTTGCCGTAGCCATATCCATCATTT CCTGGCATCGGAGTGGTAGGTCCCAGAACGGCATCGGTATAGGTAGTAAA 
195 
(Appendix 1 continued) 
610 620 630 640 650 
CCACAGGCCAGCCCATGGCCCCACACAGGGCTCCACAGGCAGTGGTTTCA 
GGTGTCCGGTCGGGTACCGGGGTGTGTCCCGAGGTGTCCGTCACCAAAGT 
660 670 680 690 700 
AAGCCCCACCCCATGTGATTTGCTCTGTGTGAATCCTTAGACCATGAACC 
TTCGGGGTGGGGTACACTAAACGAGACACACTTAGGAATCTGGTACTTGG 
710 720 730 740 750 
CCTCTTCCTGATCCAAATACGCACAACAACATGGTAGAACTGATGAGCGT 
GGAGAAGGACTAGGTTTATGCGTGTTGTTGTACCATCTTGACTACTCGCA 
760 770 780 790 800 
GTTTTGTATGTGGTCTAATTGCAGATATCTGGAGCCACAGTCTGGAGTTA CAAAACATACACCAGATTAACGTCTATAGACCTCGGTGTCAGACCTCAAT 
810 820 830 840 850 
TCACTGGCCATCCTTTCCTCATTCCCATCCTGGGCAGAGTCAATGCAGAG 
AGTGACCGGTAGGAAAGGAGTAAGGGTAGGACCCGTCTCAGTTACGTCTC 
860 870 880 890 900 
ATACAGCGACAAACCACCTTCAGCCTGGTCACCTCATGACTCCTCTTCTG 
TATGTCGCTGTTTGGTGGAAGTCGGACCAGTGGAGTACTGAGGAGAAGAC 
910 920 930 940 950 
GTTGCTCAGCACCTCCTCTTCTGCCGCCTTCATCTCTGCCTCTGCCCTGG CAACGAGTCGTGGAGGAGAAGACGGCGGAAGTAGAGACGGAGACGGGACC 
960 970 980 990 1000 GCCGGACACACACACGCACGCACACATACACACACACACACACACACACA CGGCCTGTGTGTGTGCGTGCGTGTGTATGTGTGTGTGTGTGTGTGTGTGT 
Alternating purine and pyrimidine repeat, (x26) 
1010 1020 1030 1040 1050 
AACACAGCCAACATAAATAACGATGTGTGTATACACACACATGCTCAGCA 
TTGTGTCGGTTGTATTTATTGCTACACACATATGTGTGTGTACGAGTCGT 
1060 1070 1080 1090 1100 
TGGGGACACAAACGTGAACAGTGAACATAGGTGTTTCAGGAGGTGAAGAC 
ACCCCTGTGTTTGCACTTGTCACTTGTATCCACAAAGTCCTCCACTTCTG 
1110 1120 1130 1140 1150 GACCGAGGCCAGCAATGTCGGAGATGGCGACAGTAGGCACCATGTCCTGC CTGGCTCCGGTCGTTACAGCCTCTACCGCTGTCATCCGTGGTACAGGACG 
1160 1170 1180 1190 1200 CCTTGGGGCTCCCTGTTCACCTTCTCCACGAACTCTTCCATATGTTCCCA 
GGAACCCCGAGGGACAAGTGGAAGAGGTGCTTGAGAAGGTATACAAGGGT 
: 
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(Appendix 1 continued) 
1210 1220 1230 1240 1250 AGGCAGCCTGAAGCCGATTCCAGCGTAGCATGTTTGGTGGGTGTGAGACA 
TCCGTCGGACTTCGGCTAAGGTCGCATCGTACAAACCACCCACACTCTGT 
1260 1270 1280 1290 1300 CTGAGTGGTGAATGTGGAAATTCAAAGAAGATCCCAAACTCAGCACACAG GACTCACCACTTACACCTTTAAGTTTCTTCTAGGGTTTGAGTCGTGTGTC 
1310 1320 1330 1340 1350 GTACACTGGGAACCGAGAGAGGATAGCGTTTCAATGATAAGCCTTCCCTG CATGTGACCCTTGGCTCTCTCCTATCGCAAAGTTACTATTCGGAAGGGAC 
1360 1370 1380 1390 1400 GGTAAGGGGCGGGAGTGAAGTGCCCAGGCAATCTCAAACTCAGTGAGCAG CCATTCCCCGCCCTCACTTCACGGGTCCGTTAGAGTTTGAGTCACTCGTC 
1410 1420 1430 1440 1450 CAGGAGGCCAGGGGATGAAAGGACCCACAAAGGATGATTCTGACAAAGAT GTCCTCCGGTCCCCTACTTTCCTGGGTGTTTCCTACTAAGACTGTTTCTA 
1460 1470 1480 1490 1500 ACTTAATACACACTGCCTATAGTAGTATCACCTGGATTCTGGTGCTGTCA 
TGAATTATGTGTGACGGATATCATCATAGTGGACCTAAGACCACGACAGT 
1510 1520 1530 1540 1550 CCACAGCTGATTTGATGGAGACTTGCTTCACTCACAGACACACCAGGTCC GGTGTCGACTAAACTACCTCTGAACGAAGTGAGTGTCTGTGTGGTCCAGG 
1560 1570 1580 1590 1600 CCAAGTAGACAGTCTCAGGAGGTCACCTGCTACATGCACGACCCAAATTC GGTTCATCTGTCAGAGTCCTCCAGTGGACGATGTACGTGCTGGGTTTAAG 
1610 1620 1630 1640 1650 AGGCTCCACAGCCAGCTTGCGTTAGTCTGAGCATCCCCATTTGGGAAAGG 
TCCGAGGTGTCGGTCGAACGCAATCAGACTCGTAGGGGTAAACCCTTTCC 
1660 1670 1680 1690 1700 ACAGTGTCCCTGTAGTATCACACGACTGTCCCTTCAGGGCCCACTTCGGA 
TGTCACAGGGACATCATAGTGTGCTGACAGGGAAGTCCCGGGTGAAGCCT 
1710 1720 1730 1740 1750 CCCCATCTCCACATATGTTTCTGTCAGTTACTCTCATGGAAGAACCTTCC GGGGTAGAGGTGTATACAAAGACAGTCAATGAGAGTACCTTCTTGGAAGG 
1760 1770 1780 1790 1800 TGCTCAGGGTACTACTTTAGGGGATCATCCCAAACATCTTCACCGACAAT 
ACGAGTCCCATGATGAAATCCCCTAGTAGGGTTTGTAGAAGTGGCTGTTA 
197 
(Appendix 1 continued) 
18 10 182 0 1830 184 0 1850 CTGCTGGCAGTACGAGCAAGGTGAGCCAGCAGACAAGAATCCCAAAGTGA GACGACCGTCATGCTCGTTCCACTCGGTCGTCTGTTCTTAGGGTTTCACT 
1860 1870 1880 1890 1900 ATTGTTAACTGTGTTCAGGCCCAAAGCAACCACACCTCAGCAATCCAGTT TAACAATTGACACAAGTCCGGGTTTCGTTGGTGTGGAGTCGTTAGGTCAA 
1910 1920 1930 1940 1 95 0 CGATTCTGAGCAGTTGTGACAACCAGCTGAGAAAGTTAAGGCTCCTGGTG GCTAAGACTCGTCAACACTGTTGGTCGACTCTTTCAATTCCGAGGACCAC 
1960 1970 . 1980 1990 2000 TCCATGCTGCGGCTGGATGGTCCCCATTCAAAGTTCCAGAACCAGTGGAC AGGTACGACGCCGACCTACCAGGGGTAAGTTTCAAGGTCTTGGTCACCTG 
2010 2020 2030 2040 2050 AGGTATGGAACCACGTACCCTATACCCCACAGAGAGACAGGGGAGATGGG TCCATACCTTGGTGCATGGGATATGGGGTGTCTCTCTGTCCCCTCTACCC 
OYl.2 ends 
2060 2070 2080 2090 2100 TGTGGATCCCACAGGTGGACAAGCCACAACCTTGCACACCCACACATCAC ACACCTAGGGTGTCCACCTGTTCGGTGTTGGAACGTGTGGGTGTGTAGTG BamH I OYl. 1 begins 
2110 2120 2130 2140 2150 CACAGGAACCACGTTTCACAAGTGGTGTCAAGGTAATTCTACTTAGTGGT GTGTCCTTGGTGCAAAGTGTTCACCACAGTTCCATTAAGATGAATCACCA 
2160 2170 2180 2190 2200 CACTGTGTTCAAGAAGTAGGGGGGTCCTGAAAGGAAAATATCAAC~TGCA GTGACACAAGTTCTTCATCCCCCCAGGACTTTCCTTTTATAGTTGAACGT 
2210 2220 2230 2240 2250 GTGGGACCATGGATGGCTCTGCAACAGCACCTGTCAGGATAGGGAGGAGG CACCCTGGTACCTACCGAGACGTTGTCGTGGACAGTCCTATCCCTCCTCC 
2260 2270 2280 2290 2300 GAAAAGATTCCTGCGCCGCCTCCTCTTCCTGAGCAGCAGACTTCAAAGAG CTTTTCTAAGGACGCGGCGGAGGAGAAGGACTCGTCGTCTGAAGTTTCTC 490 bp Direct Repeat, first copy 
2310 2320 2330 2340 235 0 CAGCATAAAGGGTACAGGTATGGCCCAGAAGCAAGGGAGGTCCAAGATGA GTCGTATTTCCCATGTCCATACCGGGTCTTCGTTCCCTCCAGGTTCTACT 
2360 2370 2380 2390 240 0 CGGCGATCCTCCAAGCCAAGTCAGGCTTCCTCCTCTGATGGTACTTGAAC GCCGCTAGGAGGTTCGGTTCAGTCCGAAGGAGGAGACTACCATGAACTTG 
C 
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(Appendix 1 continued) 
2410 2420 2430 2440 2450 ATGAACTGGAAGTAGGCCCTGCAGTTTTTCTTATGCTCAGAGCTCAGTTC TACTTGACCTTCATCCGGGACGTCAAAAAGAATACGAGTCTCGAGTCAAG 
2460 2470 2480 2490 2500 CACCAGCAGGGCAACCAGTGCCTGCAGCGCATCTTGCCCTGGAAGCTCAG GTGGTCGTCCCGTTGGTCACGGACGTCGCGTAGAACGGGACCTTCGAGTC 
2510 2520 2530 2540 2550 TAGTGCTCCCGGGCCTTTTCTGGCCCTACTCCTCCACCATCTTCTCAGCT ATCACGAGGGCCCGGAAAAGACCGGGATGAGGAGGTGGTAGAAGAGTCGA 
2·560 2570 2580 2590 2600 CCTGGAAGAACCCCTATTGCTGCTGCTCATCTGCCACAACCTCCACCTCC GGACCTTCTTGGGGATAACGACGACGAGTAGACGGTGTTGGAGGTGGAGG 
2610 2620 2630 2640 2650 TCCATGATGTCTTCCACAAGCAGCTGGAACAACCACCCAATCCCCACCAC 
AGGTACTACAGAAGGTGTTCGTCGACCTTGTTGGTGGGTTAGGGGTGGTG 
2660 2670 2680 2690 2700 GTCTCCGACCACCAGGGGCTCACCATCGTCCACTGCCTCCACCCTGCATA CAGAGGCTGGTGGTCCCCGAGTGGTAGCAGGTGACGGAGGTGGGACGTAT 
2710 2720 2730 2740 2750 GGGTGGCTCTTTTGCCTGGCATGACAATTTGTGGCTGTAAGTTCCCAGCC CCCACCGAGAAAACGGACCGTACTGTTAAACACCGACATTCAAGGGTCGG 
2760 2770 2780 2790 2800 TCAAAAAGCCTGAGGATGGCAGGCCACCAACCCCAGCGCCCTGAAATCGG AGTTTTTCGGACTCCTACCGTCCGGTGGTTGGGGTCGCGGGACTTTAGCC 
2810 2820 2830 2840 2850 GGCTCACAACTAGGAAGGTCTGGGGTCCCAGGATGCTCCTACATTCCTCT CCGAGTGTTGATCCTTCCAGACCCCAGGGTCCTACGAGGATGTAAGGAGA 
2860 2870 2880 2890 2900 GACCAACCTTCACACTCCTCTTGGCCCTGATCGTGACCCCAGGCTGGGGA CTGGTTGGAAGTGTGAGGAGAACCGGGACTAGCACTGGGGTCCGACCCCT 
2910 2920 2930 2940 2950 AGATGTGAAGGGATGGGACATAATGGCACAACAAGTGGTGTGCAAATGCG TCTACACTTCCCTACCCTGTATTACCGTGTTGTTCACCACACGTTTACGC 
2960 2970 2980 2990 3000 GGTCAGGCTTCAGTAATCCTGTGGGACCCATTAGCTGTTTGAGGGCAGGG CCAGTCCGAAGTCATTAGGACACCCTGGGTAATCGACAAACTCCCGTCCC 
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(Appendix 1 continued) 
3010 3020 3030 3040 3050 AGGGAGGGGGATGGTAGGGAAGCGGTAGCTGGTGTGTGTCCGGTGGCCTG TCCCTCCCCCTACCATCCCTTCGCCATCGACCACACACAGGCCACCGGAC 
3060 3070 3080 3090 3100 AGGCTGAAGAAATGGGTGACAGACAGCGTGGGACAGGGTGAAGGGGCCCT TCCGACTTCTTTACCCACTGTCTGTCGCACCCTGTCCCACTTCCCCGGGA 
3110 3120 3130 3140 3150 GGGGAAATCACCCGAATAGGCAGATCATTAGGTTGTGAGCCATGCACAGG CCCCTTTAGTGGGCTTATCCGTCTAGTAATCCAACACTCGGTACGTGTCC 
3160 3170 3180 3190 3200 CTGCTGGCCCAAATGTAGTTCAATGGCCAAGATCGTGGAGGGCGGCACGC GACGACCGGGTTTACATCAAGTTACCGGTTCTAGCACCTCCCGCCGTGCG 
3210 3220 3230 3240 3250 TTATGGACACGCCACTGAAACGTAGGGCATCTTCCATGGTTCCTGTTCGA AATACCTGTGCGGTGACTTTGCATCCCGTAGAAGGTACCAAGGACAAGCT 
3260 3270 3280 3290 3300 TGGCACACCATATACCGCTCCAGAAAGGTAATGGGTTTTGCATCTGCTGA ACCGTGTGGT.ATATGGCGAGGTCTTTCCATTACCCA.AAACGTAGACGACT 
3310 3320 3330 3340 3350 TACCCCAGGTGCTGTCATTGACCGGGCTCTGAAAATTCCAACGACGGGTT ATGGGGTCCACGACAGTAACTGGCCCGAGACTTTTAAGGTTGCTGCCCAA 
3360 3370 3380 3390 3400 CCTGCTTCACAGTCTGAACAGCACACTCCTGTGTCCCTCAGGACCCTCAA GGACGAAGTGTCAGACTTGTCGTGTGAGGACACAGGGAGTCCTGGGAGTT 
3410 3420 3430 3440 3450 TAACTGAGAAGTCTCCCTGAATATCCAAAGGATAATCGGGCTGCACGAGG ATTGACTCTTCAGAGGGACTTATAGGTTTCCTATTAGCCCGACGTGCTCC 
3460 3470 3480 3490 3500 CTGGATACCTTTTTCCCATGGGACAGAGAACATGTTGATGTCCAGATGCT GACCT~TGGAAAAAGGGTACCCTGTCTCTTGTACAACTACAGGTCTACGA 
77 bp Direct Repeat, first copy 
3510 3520 3530 3540 3550 AGAGGAGAAGGGAAAACCCCCACTGTTTGCTACAGTTGATCTCCACTGTT TCTCCTCTTCCCTTTTGGGGGTGACAAACGATGTCAACTAGAGGTGACAA 
3560 3570 3580 3590 3600 CAGGGACACCAGAGCCTTAGGGTATCGAGCTGGCTCTGTGTCTCTTCATC GTCCCTGTGGTCTCGGAATCCCATAGCTCGACCGAGACACAGAGAAGTAG 
' 
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(Appendix 1 continued) 
3610 3620 - 3630 3640 3650 TCTGCTTCTGGCATTTCACTGTTTTGGGCAATCCTTCTATGTGTTTACCA AGACGAAGACCGTAAAGTGACAAAACCCGTTAGGAAGATACACAAATGGT 
3660 3670 3680 3690 3700 AGGGCTGGTGTCTGTCTGTCTCCATCTCTCT~..AGTGGTGCTCTTGCTGTC TCCCGACCACAGACAGACAGAGGTAGAGAGATTCACCACGAGAACGACAG 
3710 3720 3730 3740 3750 TGCCAATCTCTGGACACCAGTGCTCATATGAGAAGGTTATATGAGAAGGC ACGGTTAGAGACCTGTGGTCACGAGTATACTCTTCCAATATACTCTTCCG 
3760 3770 3780 3790 3800 AAGCGCTGCTCCTCCTTAGTGAGTTGCACCCATGGAGATCAGACTTTGTC TTCGCGACGAGGAGGAATCACTCAACGTGGGTACCTCTAGTCTGAAACAG 
3810 3820 3830 3840 3850 AGTCCACACATTCGGAGAGTGCTTTCTCAAACTTGAAAGTCAACAGTAGG TCAGGTGTGTAAGCCTC~CACGAAAGAGTTTGAACTTTCAGTTGTCATCC 
Adjacent 46 bp Direct Repeats, 4 mismatches 
3860 3870 3880 3890 3900 CAGTCACTGATAAAGTGCTTTCTCAAACTTGAAAGTCAACAGTGGGCAGT GTCAGTGACTATTTCACGAAAGAGTTTGAACTTTC.A~TTGTCACCCGTCA 
3910 3920 3930 3940 3950 CACTGCTAAACTGCAGAAAGTGTCTCCCTCGCTGGACAGACATGAATACT 
~TGAC~ATTTGACGTCTTTCACAGAGGGAGCGACCTGTCTGTACTTATGA 
3960 3970 3980 3990 4000 GCAAAGGCCTCGGGTAGCTTGGCCACACTTTGCACAGATGGAGAACTGGG CGTTTCCGGAGCCCATCGAACCGGTGTGAAACGTGTCTACCTCTTGACCC 
4010 4020 4030 4040 4050 GCATGGCTTGTGGCTTGAGGGAACTCCCTGAACATTATTTGAATACCTGC CGTACCGAACACCGAACTCCCTTGAGGGACTTGTAATAAACTTATGGACG 
4060 4070 4080 4090 4100 CAGGGAGATGGTAAGGACAGCTCCCCATTAAGTTCCATTACACTTGTGCC GTCCCTCTACCATTCCTGTCGAGGGGTAATTCAAGGTAATGTGAACACGG 
4110 4120 4130 4140 4150 AGAAACATGCACGTCTGCCAATTTACCCTATCAAGGCCCTTTCTAAGTGG TCTTTGTACGTGCAGACGGTTAAATGGGATAGTTCCGGGAAAGATTCACC 
4160 4170 4180 4190 4200 TTCTGTTCTCCACGTGAGAACACATTCAAGCCTGCCTGGTCACCTAAGCC AAGACAAGAGGTGCACTCTTGTGTAAGTTCGGACGGACCAGTGGATTCGG 
201 
(Appendix 1 continued) 
4210 4220 4230 4240 4250 
TGTGGGGCTGGGAGCAGCAAGAGGATCAAGATAAGCCATCCATCCTATAG 
ACACCCCGACCCTCGTCGTTCTCCTAGTTCTATTCGGTAGGTAGGATATC 
BRY. l Homologue 
4260 4270 4280 4290 4300 TCCTGATACCCAATATATGTGTTCTGCAAAGAGTACAAAGAGTGATGATT AGGACTATGGGTTATATACACAAGACGTTTCTCATGTTTCTCACTACTAA 
4310 4320 4330 4340 4350 CAAACTGGAAGACTGCAGGTAGCAGGTGCTTATGCTGCAGTTCTGGTCCA GTTTGACCTTCTGACGTCCATCGTCCACGAATACGACGTCAAGACCAGGT 
4360 4370 4380 4390 4400 
TCACTGAAACCACACAAAAAAGGCAAGGGCTGGTCATGCTCATGGTAAGG 
AGTGACTTTGGTGTGTTTTTTCCGTTCCCGACCAGTACGAGTACCATTCC 
4410 4420 4430 4440 4450 
TCAGGGAAAGTATGCCTGACACTTGGGAAGGATGGAAAGGCCCTTGTATC 
AGTCCCTTTCATACGGACTGTGAACCCTTCCTACCTTTCCGGGAACATAG 
4460 4470 4480 4490 4500 
CAGGTGTTCAAGGGGCTGTGGAGTCACCCACCATGGCTTCTGTGTCTGGG 
GTCCACAAGTTCCCCGACACCTCAGTGGGTGGTACCGAAGACACAGACCC 
4510 4520 4530 4540 4550 ATTGCAGCCTGTTCTGTGTCTCAGATCTGCACTGTCACTGGTTGCCGCCA 
TAACGTCGGACAAGACACAGAGTCTAGACGTGACAGTGACCAACGGCGGT 
128 hp Inverted Repeat, first unit of 
4560 4570 4580 4590 4 600 GGCACTTTATTCCTGCCTCTCCTTTCTGCCAGGCATCCTTGCTGTATCAC CCGTGAAATAAGGACGGAGAGGAAAGACGGTCCGTAGGAACGACATAGTG Palindrome cf. OY9 (10 mismatches) 
4610 4620 4630 4640 4650 
TGTGATTCCACTCAGAACTTGCTCACTCAGTGAGATAACGGGGATCAGTA 
ACACTAAGGTGAGTCTTGAACGAGTGAGTCACTCTATTGCCCCTAGTCAT 
4660 4670 4680 4690 4700 
ACTACCCTGGCCTCAGTGCTTCTGCTAGCTAGAGTTTATGTACCTTTCCC 
TGATGGACCGGAGTCACGAAGACGATCGATCTCAAATACATGGAAAGGG Homology ends with OY4 and OY9 
4710 4720 . 4730 4740 4750 
TATGGCTTTCATGTTTTTGTATTCAACTTCCATCAACTGGTTAGGTCAGT 
ATACCGAAAGTACAAAAACATAAGTTGAAGGTAGTTGACCAATCCAGTCA 
4760 4770 4780 4790 4800 TCTGACAGCTCATACTCACAAGCGTACTGGCAGGCACATCTGCACACACA AGACTGTCGAGTATGAGTGTTCGCATGACCGTCCGTGTAGACGTGTGTGT 
I 
1· 
20'2 
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4810 4820 4830 4840 4850 
TGCCTGAACACACTAACGTCCCTGAGGAGGAAACTTTCTAACTCTGTGAC 
ACGGACTTGTGTGATTGCAGGGACTCCTCCTTTGAAAGATTGAGACACTG 
4860 4870 4880 4890 4900 AGCACCAAGAGTGTTTGGACCACCCATGCTTCACTGATTTACTAAATGCC 
TCGTGGTTCTCACAAACCTGGTGGGTACGAAGTGACTAAATGATTTACGG 
4910 4920 4930 4940 4950 
AAGACTTTTTCAGTCGCTCTCATTGGGGCCAGGTAGGTCTTCATACAATC 
TTCTGAAAAAGTCAGCGAGAGTAACCCCGGTCCATCCAGAAGTATGTTAG 
4960 4970 4980 4990 5000 
AGCTATACCTGCTTGCCCACACAGCTGAAGTGCCAATGAAGCCTGTCCTT 
TCGATATGGACGAACGGGTGTGTCGACTTCACGGTTACTTCGGACAGGAA 
5010 5020 5030 5040 5050 GGTTGGGCCCAAAGACATCTAAGAGAGTCAGTGGGAAGGCAGGGTCCATC CCAACCCGGGTTTCTGTAGATTCTCTCAGTCACCCTTCCGTCCCAGGTAG 
5060 5070 5080 5090 5100 
TGAGTGTCACCTGGGGCAGATCCGCTATAACAAAATCAGAGAACCTGCTC 
ACTCACAGTGGACCCCGTCTAGGCGATATTGTTTTAGTCTCTTGGACGAG 
5110 5120 5130 5140 5150 CAGCAAGACTGCCAGAATCCTCCCTCAGGTGCAGCCGTGCTCCTTTGCCC GTCGTTCTGACGGTCTTAGGAGGGAGTCCACGTCGGCACGAGGA.-Z\ACGGG 
5160 5170 5180 5190 5200 
ATCTAGACCCACAGCCAGTGGCATGACCCCAGAGGAAAGGAATTC 
TAGATCTGGGTGTCGGTCACCGTACTGGGGTCTCCTTTCCTTAAG 
OYl.1 ends EcoR I 
203 
APPENDIX 2: DNA SEQUENCE OF OY4 
10 2 0 3 0 40 50 GGATCCGGGGCAGCACTGGCCCAGGACCTTCCCAGTTCTCCTTTTCACAT CCTAGGCCCCGTCGTGACC GGGTCCTGGAAGGGTCAAGAGGAAAAGTGTA 
BamH I OY4.3 begins 
60 70 80 90 100 GTGTGTGGAACAATCTCCAGTGCAGCAGGCAGTCTATGACTCTTTCTCCT CACACACCTTGTTAGAGGTCACGTCGTCCGTCAGATACTGAGAAAGAGGA 
110 120 130 140 150 TCAGCTCTCTGCCCATCTCGGCAGGACCTTAGCCTCACCATCACAGATCT AGTCGAGAGACGGGTAGAGCCGTCCTGGAATCGGAGTGGTAGTGTCTAGA 
160 170 180 190 200 TGCCATAGCCACGTCCCTCATTTCCAGAGGCCAGCCCATGGCCCCACACA ACGGTATCGGTGCAGGGAGTAAAGGTCTCCGGTCGGGTACCGGGGTGTGT 
210 220 230 240 250 CGGAGGGCTCCACAGGCAGTGGTTTCAAAGCCCCACCCCACGTGATTTGC GCCTCCCGAGGTGTCCGTCACCAAAGTTTCGGGGTGGGGTGCACTAAACG 
260 270 280 290 300 TCTGTGTGAATCCTTAGACCATGAAACCCTCTTCCTGATCCAAGCACACA AGACACACTTAGGAATCTGGTACTTTGGGAGAAGGACTAGGTTCGTGTGT 
310 320 330 340 350 CAACAACACGGTAGAACTGATGAGTGTGTTTTGTATCTGTCTAATTGCAG GTTGTTGTGCCATCTTGACTACTCACACAAAACATAGACAGATTAACGTC 
360 370 380 390 400 ATATCTGGAGCCACAGTCTGGAGTTATCACTGGCCATCCTTTCCTTGTTC TATAGACCTCGGTGTCAGACCTCAATAGTGACCGGTAGGAAAGGAACAAG 
410 420 430 440 450 CCATCCTGGGCAGGGTCAATGCAGAGATAAGGCGACAAACCACCTTCAGC GGTAGGACCCGTCCCAGTTACGTCTCTATTCCGCTGTTTGGTGGAAGTCG 
460 470 480 490 500 CTGGTCGCCTCAGGACTCCTCTTTTGGTTGCTCAGCATCTCCTCTCCTGC GACCAGCGGAGTCCTGAGGAGAAAACCAACGAGTCGTAGAGGAGAGGACG 
510 520 . 530 540 550 CACCTTCATCTCTACCTCTGCCCTGGGCCGGACACAGACACAGACACATA GTGGAAGTAGAGATGGAGACGGGACCCGGCCTGTGTCTGTGTCTGTGTAT 
Alternating purine and 
560 570 580 590 600 CACACACACACACACACACACACACACACAATCACAGCCAGCATAAATAA GTGTGTGTGTGTGTGTGTGTGTGTGTGTGTTAGTGTCGGTCGTATTTATT pyrimidine repeat (x24) 
204 
(Appendix 2 continued) 
610 620 630 640 650 GCACACGAGTGTATACACACACACATGCTCAGCACGGGGACACAGATGCA CGTGTGCTCACATATGTGTGTGTGTACGAGTCGTGCCCCTGTGTCTACGT 
660 670 680 690 700 
AACAACGAGCATAGGTGTTTCAGGAGGTGAAGACGACCGAGGCCAGCAAT 
TTGTTGCTCGTATCCACAAAGTCCTCCACTTCTGCTGGCTCCGGTCGTTA 
710 720 730 740 750 GTCGGAGATGGCGACAGTAGGCACCATGTCCTGCCCTTGGGGCTCCCTGT CAGCCTCTACCGCTGTCATCCGTGGTACAGGACGGGAACCCCGAGGGACA 
760 770 780 790 800 
TCCCCTTCTCCATGAACTCTTCCGTATGTTCCCAAGGCAGCCTGAAGCCG 
AGGGGAAGAGGTACTTGAGAAGGCATACAAGGGTTCCGTCGGACTTCGGC 
810 820 830 840 850 CTTTCAGCGCACGATGTTTGGTGGTTGTGAGACACTGAGTGGTGAATGTG GAAAGTCGCGTGCTACAAACCACCAACACTCTGTGACTCACCACTTACAC 
860 870 880 890 900 GAAATCACGGAAGATCCCAAAGTCAGCACACAGGTGCACTGGGACCCCGG CTTTAGTGCCTTCTAGGGTTTCAGTCGTGTGTCCACGTGACCCTGGGGCC 
910 920 930 940 950 
AGAGGACAGCTTTTCAATGATAGGCCTTCCCTGGGTAAGGGGCGGGAGTG 
TCTCCTGTCGAAAAGTTACTATCCGGAAGGGACCCATTCCCCGCCCTCAC 
960 970 980 990 1000 AAGTGCCCAGGCAACTCAAACTCAGTGAGCAGCAGGAGGCCAGGGGATGA 
TTCACGGGTCCGTTGAGTTTGAGTCACTCGTCGTCCTCCGGTCCCCTACT 
1010 1020 1030 1040 1050 AAGGACCCACAAAGGATGATTCTGACAAAGATACTTAATACACACTGCCT 
TTCCTGGGTGTTTCCTACTAAGACTGTTTCTATGAATTATGTGTGACGGA 
1060 1070 1080 1090 1100 CTAGTAGTATCACCTGGACTCTGGTGCTGCCACCTCAGCTGATTTGATGG GATCATCATAGTGGACCTGAGACCACGACGGTGGAGTCGACTAAACTACC 
1110 1120 1130 1140 1150 AGACTTGCTTCACTCACGGACACACCAAGTCCCCAAATAAACAGTCTCAG 
TCTGAACGAAGTGAGTGCCTGTGTGGTTCAGGGGTTTATTTGTCAGAGTC 
1160 1170 1180 1190 1200 GAGGTCACCTGCTACAAGCACGACCCAAACTCAGGCTCCACAGCCAGTTT CTCCAGTGGACGATGTTCGTGCTGGGTTTGAGTCCGAGGTGTCGGTCAAA 
205 
(Appendix 2 continued) 
1210 122 0 1230 12 40 1250 
GCATGAGTCTGAGCATCCCCATTTGGGAAAGGACAGTGTCCTGTAGTATC CGTACTCAGACTCGTAGGGGTAAACCCTTTCCTGTCACAGGACATCATAG 
1260 1270 1280 1290 1300 
ACACGAGTGTCCCTTCAGGGCCCACCTTCAGACCCCATCTCCACACATGT 
TGTGCTCACAGGGAAGTCCCGGGTGGAAGTCTGGGGTAGAGGTGTGTACA 
1310 1320 1330 1340 1350 
TTCTGTCAGTTACTCTCATGGAAGAACCTTCCTGCCCAAGGTACTACTTC 
AAGACAGTCAATGAGAGTACCTTCTTGGAAGGACGGGTTCCATGATGAAG 
1360 1370 1380 1390 1400 
AGGCGATCATCCCACACATCTTGGCCGACAATCCACTGGCAATCCGAGCA 
TCCGCTAGTAGGGTGTGTAGAACCGGCTGTTAGGTGACCGTTAGGCTCGT 
1410 1420 1430 1440 1450 
AGGTGAGCCAGCAGCCAAGAATCCCAAAGTGAATTGCTAACTGTGTTCAG 
TCCACTCGGTCGTCGGTTCTTAGGGTTTCACTTAACGATTGACACAAGTC 
1460 1470 1480 1490 1500 
GCCCAAAGCAACCACACCTCAGCAATCCTGTTCGACTCTGAGCAGTTGTG CGGGTTTCGTTGGTGTGGAGTCGTTAGGACAAGCTGAGACTCGTCAACAC 
1510 1520 1530 1540 1550 
ACCTGACAACCAGCCGAGAAATTTAAGGCTCCTGGTGTCCACGCTGCAGC 
TGGACTGTTGGTCGGCTCTTTAAATTCCGAGGACCACAGGTGCGACGTCG 
1560 1570 1580 1590 1600 
TGGATGCTCCCCGTTCAAAGTCCCAGAACCAGTGGACAGGAGTGG~..ACAA 
ACCTACGAGGGGCAAGTTTCAGGGTCTTGGTCACCTGTCCTCACCTTGTT 
1610 1620 1630 1640 1650 
CGTGCCCTATGCCCTACAGAGAGACGGGAGATGGGTGTGGATCCCACAGG 
GCACGGGATACGGGATGTCTCTCTGCCCTCTACCCACACCTAGGGTGTCC 
OY4.3 ends BamH I OY4.2 begins 
1660 1670 1680 1690 1700 
TCGACACTCCACAACCTTGCACACCCACACTCACCACCCCAGGAACCACA 
AGCTGTGAGGTGTTGGAACGTGTGGGTGTGAGTGGTGGGGTCCTTGGTGT 
1710 1720 1730 1740 1750 
TTTCACAAGTGATGTCAAGGTAATTCTACTTAGTGGTCACTGAGTTCAAG 
AAAGTGTTCACTACAGTTCCATTAAGATGAATCACCAGTGACTCAAGTTC 
1760 1770 1780 1790 180 0 
AAGTAGGGGGGTCCTGAAAGGAAAATATCAACTTGCAGTGGGACGATGGA 
TTCATCCCCCCAGGACTTTCCTTTTATAGTTGAACGTCACCCTGCTACCT 
206 
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1810 1820 1830 1840 1850 
TGGCTCCGCAACAGCACCTGTCAGGATAGGGAGCAGGGAAAAGGTTCCTG 
ACCGAGGCGTTGTCGTGGACAGTCCTATCCCTCGTCCCTTTTCCAAGGAC 
490bp 
1860 1870 1880 1890 1900 
CGCCGCCTCCTCTTCCTGAGCAGCAGACTTCAAAGAGCAGCAGAAAGGAT GCGGCGGAGGAGAAGGACTCGTCGTCTGMGTTTCTCGTCGTCTTTCCTA Direct Repeat, first copy 
1910 1920 1930 1940 1950 
ACAGCTACAGCCCAGAAGCAAGGGATGCCCCAGGTGATGGCGATCCTCCA 
TGTCGATGTCGGGTCTTCGTTCCCTACGGGGTCCACTACCGCTAGGAGGT 
1960 1970 1980 1990 2000 
AGCCAAGTCAGGCTTCCTCCTCTGATGGTTCTTGCACATGAACTGGAAGT 
TCGGTTCAGTCCGAAGGAGGAGACTACCAAGAACGTGTACTTGACCTTCA 
2010 2020 2030 2040 2050 
AGGCCCTGCAGTTCTTCTTATGCTCAGAGCTCAGTTCCACCAGCAGGGCA 
TCCGGGACGTCAAGAAGAATACGAGTCTCGAGTCAAGGTGGTCGTCCCGT 
2060 2070 2080 2090 2100 
GCCAGTGCCTGCAGCTCATCTTGCCCTGGAAGCTCACTAGTGCTCCCGGG CGGTCACGGACGTCGAGTAGMCGGGACCTTCGAGTGATCACGAGGGCCC 
2110 2120 2130 2140 2150 CCTTCCCTGGCTCTGCTCCTCCACCGTCTTCTCAGCTCCTGGAAGAACCC GGAAGGGACCGAGACGAGGAGGTGGCAGAAGAGTCGAGGACCTTCTTGGG 
2160 2170 2180 2190 2200 CTATTGCTGCTCCTCATCTGCCACAACCTCCACCTCCTCCATGACGTCTT GATAACGACGAGGAGTAGACGGTGTTGGAGGTGGAGGAGGTACTGCAGAA 
2210 2220 2230 2240 2250 CCGCAAGCAGCTGGAACCACCACCCAATCCCCACCACGTCTCCGTCCACC 
GGCGTTCGTCGACCTTGGTGGTGGGTTAGGGGTGGTGCAGAGGCAGGTGG 
2260 2270 2280 2290 2300 
AGGGGCTCACCGTCGTCCACCGCCTCCACCCTGCATAGCGTGGCTCCTTT 
TCCCCGAGTGGCAGCAGGTGGCGGAGGTGGGACGTATCGCACCGAGGAAA 
2310 2320 2330 2340 2350 
GCCTGGAATGACAACTTGTGGCTGTAAGGTCCCAGCCTCAAAAAGCCTGA 
CGGACCTTACTGTTGAACACCGACATTCCAGGGTCGGAGTTTTTCGGACT 
2360 2370 2380 2390 24 00 GGATGGCAGGCCACCAACCCCAGCGCCCTGAAACCGGAGCTCACAACTAG 
CCTACCGTCCGGTGGTTGGGGTCGCGGGACTTTGGCCTCGAGTGTTGATC 
207 
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2410 242 0 243 0 244 0 2450 GAAGGTCTGGGGTCTCAGGATGCTCCTGCATTCCTCTGACGGCCTTTCAC CTTCCAGACCCCAGAGTCCTACGAGGACGTAAGGAGACTGCCGGAAAGTG 
2460 247 0 2480 2490 2 500 
ACGCCTCTTGGCCCTGATCGTGACCCCAGGCTGGGGCAGATGCCAAGGGA 
TGCGGAGAACCGGGACTAGCACTGGGGTCCGACCCCGTCTACGGTTCCCT 
2510 2520 2530 2540 25 50 
TGGGACATAATAGCACAGCAAGTGGTGTGCAAATGCGGCTCAGGTTTCAG 
ACCCTGTATTATCGTGTCGTTCACCACACGTTTACGCCGAGTCCAAAGTC 
2560 2570 2580 2590 2600 
TAATCCTGTGGGACCCACTAGCTCTTTGGGGGCGGGGAGTGAGGGGGATG 
ATTAGGACACCCTGGGTGATCGAGAAACCCCCGCCCCTCACTCCCCCTAC 
2610 2620 2630 2640 2650 
GTAGGGAAGCGGGGGCTGGTGTGTGTCCGGTGGCCTGAGGCTGAAGAAAG 
CATCCCTTCGCCCCCGACCACACACAGGCCACCGGACTCCGACTTCTTTC 
2660 2670 2680 2690 2700 
GGGTGGCAGACAGCATGGGACAGGGTGAACAGGCCCTGGGGAAATCAGCC 
CCCACCGTCTGTCGTACCCTGTCCCACTTGTCCGGGACCCCTTTAGTCGG 
2710 2720 2730 2740 2750 
GAATAGGCGGATCCCTAGGCCGTGAGCCACGGATAGGCTGCTGGCCCAAA CTTATCCGCCTAGGGATCCGGCACTCGGTGCCTATCCGACGACCGGGTTT 
OY4.2 ends BamH I OY4.1 and OY4.5 begin 
2760 2770 2780 2790 2800 
TCTAGTCCAATGGCTGAGAGAGTGGTGGGTGGCACCCTTCTGGACACGCC 
AGATCAGGTTACCGACTCTCTCACCACCCACCGTGGGAAGACCTGTGCGG 
2810 2820 2830 2840 2850 
CCTCAAACGTAGGAAGTCTTCCACAGTTCCTGGGCTACAGCGCACCCACA GGAGTTTGCATCCTTCAGAAGGTGTCAAGGACCCGATGTCGCGTGGGTGT 
2860 2870 2880 2890 2900 
TGGCATATACCGCTCCAGGGAATAATGGGTTTTGCATCTGCTGATACTCC 
ACCGTATATGGCGAGGTCCCTTATTACCCAAAACGTAGACGACTATGAGG 
2910 2920 2930 2940 295 0 
AGGCGCTGTCATTGTCCGGACTCTGGAAATCCCAACGACGGGTTCCTGCT 
TCCGCGACAGTAACAGGCCTGAGACCTTTAGGGTTGCTGCCCAAGGACGA 
2960 2970 - 2980 2990 3 000 
TCACAGTCTGAACAGCTTACTCCTGTGTCCCTCAGGACCCTCAATAACTG 
AGTGTCAGACTTGTCGAATGAGGACACAGGGAGTCCTGGGAGTTATTGAC 
208 
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3010 3020 303 0 3040 3050 
AGAAATTTCCCTGAGGATTCAAAGGATAAACAGGGACTCCACGTGCCTGG 
TCTTTAAAGGGACTCCTAAGTTTCCTATTTGTCCCTGAGGTGCACGGACC 
3060 3070 3080 3 090 3100 
ATACTTTTTCTCCATGGGACACAGAACCTGTTGTCCGGATGCTAGGGGAG TATGAAAAAGAGGTACCCTGTGTCTTGGACAACAGGCCTACGATCCCCTC 
7 7 bp Direct Repeat, first copy 
3110 3120 3130 3140 3 150 
AAGGGAAAAACCACACTGTTGGCTACAGTTGATCTCCACTGTTCAGGGAC 
TTCCCTTTTTGGTGTGACAACCGATGTCAACTAGAGGTGACAAGTCCCTG 
3160 3170 3180 3190 3200 
ACCAGAGCCTTAGGGTACAGAGCTGGCTCTGTGTCTCTTCATCTCTGCTT 
TGGTCTCGGAATCCCATGTCTCGACCGAGACACAGAGAAGTAGAGACGAA 
3210 3220 3230 3240 3250 
CTGGCATAGCACTGTTTTGGGCAACCCTTCCATGTGTGTACCAAGGGCTG GACCGTATCGTGACAAAACCCGTTGGGAAGGTACACACATGGTTCCCGAC 
3260 3270 3280 3290 3300 
GTGTCTGTTTGTCTCCATCTCTCTAAGTGGTGCTCTTGCTGTCTGTCACT CACAGACAAACAGAGGTAGAGAGATTCACCACGAGAACGACAGACAGTGA 
3310 3320 3330 3340 3350 
CTCTGCACACCAGTGCTCATACGAGAAGTTTATATGAGAAGGCAAGCCCT GAGACGTGTGGTCACGAGTATGCTCTTCAAATATACTCTTCCGTTCGGGA 
3360 3370 3380 3390 3400 
GCTCCTCCTTAGTGAGTTGCACCCATGGGAGATCAGACTTTGTTAGTCCA CGAGGAGGAATCACTCAACGTGGGTACCCTCTAGTCTGAAACAATCAGGT 
3410 3420 3430 3440 3450 
CACGTTCGGAGAGTGCTTTCTCAAACTTGAAAGTCCACAGTGTGCGGTCA 
GTGCAAGCCTCTCACGAAAGAGTTTGAACTTTCAGGTGTCACACGCCAGT 
46 bp Direct Repeat, single copy cf. OYl 
3460 3470 3480 3490 3500 CTGCTGAACTGCAGAAGGTGCGGAGTGACCCTCCCTCCATCGCTGGACAG GACGACTTGACGTCTTCCACGCCTCACTGGGAGGGAGGTAGCGACCTGTC 
3510 3520 3530 3540 3550 
ACGTGAATAGTGCAAAGGCCTCAGGTAGCTTGGCCACACTTTGCACAGGT 
TGCACTTATCACGTTTCCGGAGTCCATCGAACCGGTGTGAAACGTGTCCA 
3560 3570 3580 3590 36 00 
GGAGAAATGGGGCATGGCCTGGGGCCTGAGGGCACTCCCTGAACATTATT CCTCTTTACCCCGTACCGGACCCCGGACTCCCGTGAGGGACTTGTAATAA 
200 
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3610 3620 363 0 3 640 3650 
TGAATACCTGCCAGGGAGATGGTAAGGACAGCTCCCCATTAAGTTCCATG 
ACTTATGGACGGTCCCTCTACCATTCCTGTCGAGGGGTAATTCAAGGTAC 
3660 3670 3680 36 90 3700 
ACACACTGGTGCCAGAA.ACATGCATGGCTGCCAGTTTACCCTATCGAGGC 
TGTGTGACCACGGTCTTTGTACGTACCGACGGTCAAATGGGATAGCTCCG 
3710 3720 3730 3740 375 0 CCTTTCAAAGCGGTTCTGTTCTCCATGTGAGAACACATTCAAGCCTGCCC GGAAAGTTTCGCCAAGACAAGAGGTACACTCTTGTGTAAGTTCGGACGGG 
3760 3770 3780 3790 3800 
GGTCACCCAAGCCTGTGGGGCTGGGAGCAGCAAGAGGATCAAGATAAGCC 
CCAGTGGGTTCGGACACCCCGACCCTCGTCGTTCTCCTAGTTCTATTCGG 
BRY.1 Homologue 
3810 3820 3830 3840 3850 ATCCAGCCTATAGTCCTGAGAGCCAATATATGTGTTCTGCAAAGAGTACA 
TAGGTCGGATATCAGGACTCTCGGTTATATACACAAGACGTTTCTCATGT 
3860 3870 3880 3890 3900 AAGAGTGATGATTCAGACTGGAAGACTGCAGGTAGCAGGTGCTTATGCTG 
TTCTCACTACTAAGTCTGACCTTCTGACGTCCATCGTCCACGAATACGAC 
3910 3920 3930 3940 3950 
CAGTTCTGGTCCATCACTGAAACCACACAAAATAGGCAAGGGTTGCTCAT 
GTCAAGACCAGGTAGTGACTTTGGTGTGTTTTATCCGTTCCCAACGAGTA 
3960 3970 3980 3990 4000 
GCTCATGGTAAGGTCAGGCAAAGTATGCCTGGCACTTGGGAAGGATGGAA 
CGAGTACCATTCCAGTCCGTTTCATACGGACCGTGAACCCTTCCTACCTT 
4010 4020 4030 4040 4050 
AGGCCCTTGTATCAGGGTGTTCAAAGGGCTGTGGGGTCACCCACCGTGGC 
TCCGGGAACATAGTCCCACAAGTTTCCCGACACCCCAGTGGGTGGCACCG 
4060 4070 4080 4090 4100 TTCTGTGTCTGGGATTGCAACCTGTTCTGTGTCTCAGATCTTCTGCACTC AAGACACAGACCCTAACGTTGGACAAGACACAGAGTCTAGAAGACGTGAG 
131 hp Inverted Repeat, 
4110 4120 4130 4140 4150 
TCACTGGTCACCCCCAGGCACTTTATTCCTGCCTCTCCTTTCTGCCAGGA AGTGACCAGTGGGGGTCCGTGAAATAAGGACGGAGAGGM..AGACGGTCCT first unit of Palindrome 
4160 4170 4180 4190 42 00 
ATCCTTGCTGGACCACTGTGATTCCACTCAGAACTTGCTCACTCAGTGAG 
TAGGAACGACCTGGTGACACTAAGGTGAGTCTTGAACGAGTGAGTCACTC 
210 
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4210 4220 423 0 4240 4250 ATAACGGGGATCAGTAAGTATGTCTACATATGTTCTGTGGGTTTGTGTAT TATTGCCCCTAGTCATTCATACAGATGTATACAAGACACCCAAACACATA 
Homology with OYl ends 
4260 427 0 428 0 42 90 4300 GTGTGTGTGTGTGCGCGCGCACGCGTGTGTGTGACTCCCACATCTGTTAT CACACACACACACGCGCGCGTGCGCACACACACTGAGGGTGTAGACAATA 
4310 4320 4330 4340 4350 TTTCGGAATCATTCACCTTTACAACAATAACTGTCAGCTAAGGTGGCTCT AAAGCCTTAGTAAGTGGAAATGTTGTTATTGACAGTCGATTCCACCGAGA 
4360 4370 4380 4390 4400 GATGTACTGTCTCTGGTCATTTCTGACTCAGAGGCTAATCCTCCTCAGAT CTACATGACAGAGACCAGTAAAGACTGAGTCTCCGATTAGGAGGAGTCTA 
4410 4420 4430 4440 4450 GCAGGCCTGAAGGAGACACACAGTCATGGCTGCGACACTTACAGGTGTGG CGTCCGGACTTCCTCTGTGTGTCAGTACCGACGCTGTGAATGTCCACACC 
4460 4470 4480 4490 4500 CCCTGCCCGGACTCTACTCAGCTGTGCCTGTGGAGCCTGCCAATTGCCCA GGGACGGGCCTGAGATGAGTCGACACGGACACCTCGGACGGTTAACGGGT 
4510 4520 4530 4540 4550 GTACCACACTTCCTTCAGGGTCCACCATTCTGTCCCCTCGCCTCCACCCC CATGGTGTGAAGGAAGTCCCAGGTGGTAAGACAGGGGAGCGGAGGTGGGG 
4560 4570 4580 4590 4600 TCCTCCTGCTCCTGCCTCTGCACCTCCCCTCCTCCTGAGCACTGGACCAC AGGAGGACGAGGACGGAGACGTGGAGGGGAGGAGGACTCGTGACCTGGTG 
492 hp Direct Repeat, second copy ( 120 mismatches, 
4610 4620 4630 4640 4650 AACGAGTAGCAGAAAGGATACCACGTTGGCCTAGAAGCCAGGGATGCCCT TTGCTCATCGTCTTTCCTATGGTGCAACCGGATCTTCGGTCCCTACGGGA 76% identity) 
4660 4670 4680 4690 4700 GGATGTTGGCACTCTTCTGAGCCAAGCCACGCTTCCTCCTCTCATGACTC CCTACAACCGTGAGAAGACTCGGTTCGGTGCGAAGGAGGAGAGTACTGAG 
4710 4720 4730 4740 475 0 TTGCACATGAACCAAACGAAGGCCCTGCAGGTTTTCTCAGGCTTAGAGCT 
AACGTGTACTTGGTTTGCTTCCGGGACGTCCAAAAGAGTCCGAATCTCGA 
4760 4770 4780 479 0 48 00 AAGTTCCACTTACAAGGTCGCCAGTGCCAGCATCTCATCTAGTGCCGGGA 
TTCAAGGTGAATGTTCCAGCGGTCACGGTCGTAGAGTAGATCACGGCCCT 
211 
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4810 4820 4830 4840 485 0 GCTCACTCGGGCCTCCAGGCCTTTCCTGGCACTGCTCCTCCAATGTCTTC CGAGTGAGCCCGGAGGTCCGGAAAGGACCGTGACGAGGAGGTTACAGAAG 
4860 4870 4880 4890 4900 TCCTCCAGCTCCAGGGAGGACCCTGTTTCTGTTATTCATCTGGCACAACC AGGAGGTCGAGGTCCCTCCTGGGACAAAGACAATAAGTAGACCGTGTTGG 
4910 4920 4930 4940 4950 TCCACATCCTCAGTGATGTCCTCTGCAAGCAGCTGGAAACCCCGTCTGAT AGGTGTAGGAGTCACTACAGGAGACGTTCGTCGACCTTTGGGGCAGACTA 
4960 4970 4980 4990 · 5000 CCCTGCCACGACTCCGTCAACCTGGGCCTCGCTGTCCTCTCCTGCCTCCA GGGACGGTGCTGAGGCAGTTGGACCCGGAGCGACAGGAGAGGACGGAGGT 
5010 5020 5030 5040 5050 CTCTGAAGAGGGTGGCATCTTCGCCTGGTGTGGCCACTGGTGGCTGCAAC 
GAGACTTCTCCCACCGTAGAAGCGGACCACACCGGTGACCACCGACGTTG 
5060 5070 5080 5090 5100 GTCCCAGCCATGCACAGCATCACCAGGACAGGCTGTTGCTGGCCAGATGC CAGGGTCGGTACGTGTCGTAGTGGTCCTGTCCGACAACGACCGGTCTACG 
79 bp Direct Repeat, second 
5110 5120 5130 5140 5150 TAGGGGAGTAGGGAAAAACCCCACCGTTTGCCACATTGATCTCCATTGTT ATCCCCTCATCCCTTTTTGGGGTGGCAAACGGTGTAACTAGAGGTAACAA 
copy (14 mismatches, 82% identity) 
5160 5170 5180 5190 5200 CAGGGACACCAAATGGGAAAGGGGACGGAATGAATCAAATTCCCCTTTTG GTCCCTGTGGTTTACCCTTTCCCCTGCCTTACTTAGTTTAAGGGGAAAAC 
5210 5220 5230 5240 5250 ATCACTCAACAGGAGGTCCTAGTCACCAGGTCTCATTCATGTTCCTGAAA TAGTGAGTTGTCCTCCAGGATCAGTGGTCCAGAGTAAGTACAAGGACTTT 
124 bp Hind III Tandem Repeats Start 
5260 5270 5280 5290 5300 AAGAAAGCTTGTACTTCAGCATATAGACAAGTTTCCTCTCAGCGATGTTA 
TTCTTTCGAACATGAAGTCGTATATCTGTTCAAAGGAGAGTCGCTACAAT 
Hind III OY4.l ends 
5310 5320 5330 5340 5350 CTGTGTACACGCATATATTTGTGTACATGTGCACGTAGAAATTTTAGTGC GACACATGTGCGTATATAAACACATGTACACGTGCATCTTTAAAATCACG 
5360 5370 5380 5390 5400 TTACCAAAATTCAAGGTCCTGGGAAAGAAAGCTTGTACTTCTGCATATGG AATGGTTTTAAGTTCCAGGACCCTTTCTTTCGMCATGAAGACGTATACC 
Hind III 
212 
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5410 5420 5430 5440 545 0 
ACAGGTTTCCTCTCAGCGATGTTACTGTGTACACGCATATATTTGTGCAC 
TGTCCAAAGGAGAGTCGCTACAATGACACATGTGCGTATATAAACACGTG 
5460 5470 5480 5490 5500 ATGTGCACGTAGAAATTTGAGTGCTTACCAAAATTCATGTTCCTTGAAAA 
TACACGTGCATCTTTAAACTCACGAATGGTTTTAAGTACAAGGAACTTTT 
5510 5520 5530 5540 5550 GAAAGCTTGTATAATTGCATATGGAGAAGCTTCCTCTCAGGGATGTTACT 
CTTTCGAACATATTAACGTATACCTCTTCGAAGGAGAGTCCCTACAATGA 
Hind III Hind III 
5560 5570 5580 5590 5600 GTGTGCACGAGTGTGTTTCTGCACATATGCGTGCAGAAATTTTAGTGCTT CACACGTGCTCACACAAAGACGTGTATACGCACGTCTTTAAAATCACGAA 
5610 5620 5630 5640 565 0 
ACCAAAACTCAAGTTCCTGGAAAAGAAAGCGTGTACTTCTGCATATGGAC 
TGGTTTTGAGTTCAAGGACCTTTTCTTTCGCACATGAAGACGTATACCTG 
Polymorphic Hind III 
5660 5670 5680 5690 5700 
AGGTTTGCCCTCAGCGATCTTACTGTGTACACGCATATATTTGTGCACAT 
TCCAAACGGGAGTCGCTAGAATGACACATGTGCGTATATAAACACGTGTA 
5710 5720 5730 5740 575 0 GTGCACATAGAAATTTGAGTGCTTACCAAAATTAATGTTCCTGAAAAGAA 
CACGTGTATCTTTAAACTCACGAATGGTTTTAATTACAAGGACTTTTCTT 
5760 5770 5780 5790 5800 
AGCTTGTACTTCTGCATATGGACAAGTTTCCTCTCAGGGATGTTACTGAC 
TCGAACATGAAGACGTATACCTGTTCAAAGGAGAGTCCCTACAATGACTG 
Hind III OY4.4 begins 
5810 5820 5830 5840 5850 
TACACGTGCATGTTTGTGCACATGTGCGTGCAGAAATTTGAGTGCCTACC 
ATGTGCACGTACAAACACGTGTACACGCACGTCTTTAAACTCACGGATGG 
5860 5870 5880 5890 5900 
AAAATTCAAGTTCCTGGAAAAGAAAGCTGTACTTCTGCATATGGACAGGT 
TTTTAAGTTCAAGGACCTTTTCTTTCGACATGAAGACGTATACCTGTCCA 
Incomplete Hind III 
5910 5920 5930 5940 5950 
TTCCCCTCAGCGATGTTACCGTGTACACATGTATGTTTCTGCACATGTGC 
AAGGGGAGTCGCTACAATGGCACATGTGTACATACAAAGACGTGTACACG 
5960 5970 5980 5990 6000 GTGTAGAAATCCCTGCCAGTTCGCTTGTGTGTATGAGCTACTGCAACTGA CACATCTTTAGGGACGGTCAAGCGAACACACATACTCGATGACGTTGACT 
213 
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6010 6020 6030 6040 6050 CCTAGCCAGGTGATAGAAGTTGGACAGCGAAACCATGAAGTTCTTAGGGA GGATCGGTCCACTATCTTCAACCTGTCGCTTTGGTACTTCAAGAATCCCT 
6060 6070 6080 6090 6100 
ACGGTACAGAGTCTCTGGACAGCAGAAGCACTGAAGCCAGGGAATCGCTC 
TGCCATGTCTCAGAGACCTGTCGTCTTCGTGACTTCGGTCCCTTAGCGAG 
133 bp 
6110 6120 6130 6140 6150 CCCGTTTGCTCACTGAGCAAACACGTTCTAGGCGGAATCACAGTCGTGCA GGGCAAACGAGTGACTCGTTTGTGCAAGATCCGCCTTAGTGTCAGCACGT Inverted Repeat, second unit of Palindrome (34 mismatches, 74% identity) 
6160 6170 6180 6190 6200 CCTAGGATACTTGGCAGAAAGGAGAGGCAGGAGGAGAGAGCCTGGGGAGT GGATCCTATGAACCGTCTTTCCTCTCCGTCCTCCTCTCTCGGACCCCTCA 
6210 6220 6230 6240 6250 GTGAAGATGAAAGTCCACTACATCTGCAGTTTATGAAAAGTAGAAAATGT 
CACTTCTACTTTCAGGTGATGTAGACGTCAAATACTTTTCATCTTTTACA 
6260 6270 6280 6290 6300 
ACCTAATGAGCTGGGAGGACAAACTGTACTTAATTGAGTTATCTAAGAGG 
TGGATTACTCGACCCTCCTGTTTGACATGAATTAACTCAATAGATTCTCC 
6310 6320 6330 6340 6350 ATTTCCATCCAAACAGCCAAAAGTGCTTCCCGGTTTCTTCTTGCTGCCTG 
TAAAGGTAGGTTTGTCGGTTTTCACGAAGGGCCAAAGAAGAACGACGGAC 
6360 6370 6380 6390 6400 
TAGTAAAACATGAAGGGATTTTTTTTTTTTAATGTTTAACATAAAGATTA ATCATTTTGTACTTCCCTAAAAAAAAAAAATTACAAATTGTATTTCTAAT 
6410 6420 6430 6440 6450 
TTAAAACAGGGGACAGAATTTGCTGATTTGGGAATTTTCCAATCTTTTAA AATTTTGTCCCCTGTCTTAAACGACTAAACCCTTAAAAGGTTAGAAAATT 
6460 6470 6480 6490 6500 GATGATGGAAGATGATAAATTAATGACTCTCAAGCAAGATCATATCCAGG CTACTACCTTCTACTATTTAATTACTGAGAGTTCGTTCTAGTATAGGTCC 
6510 6520 6530 6540 6550 GCATTGAGATTAGGTGGTCTACCTATCACATTTTACACCACCGATAGGCC CGTAACTCTAATCCACCAGATGGATAGTGTAAAATGTGGTGGCTATCCGG 
6560 6570 6580 6590 6600 GTTCTTCTTCATATTATTTTTTATAAACAAAGGTGTTCTAAAGACGAGTA CAAGAAGAAGTATAATAAAAAATATTTGTTTCCACAAGATTTCTGCTCAT 
(Appendix 2 continued) 
i' 214 
I 
I 
I 
6610 6620 6630 6640 - 6650 
TGACTGTAAAATTCTTTGTTAAGCCTCAGAAAGCTGGAAGGGGATGCCTC 
ACTGACATTTTAAGAAACAATTCGGAGTCTTTCGACCTTCCCCTACGGAG 
6660 6670 6680 6690 6700 
ATGGCATTATTTAGTCAGGCCAATACCCTCCAAAGAGTTTAGGGGTGTCA 
TACCGTAATAAATCAGTCCGGTTATGGGAGGTTTCTCAAATCCCCACAGT 
6710 
CTCAGAGATC 
GAGTCTCTAG 
Sau3A I Cloning Site 
215 
APPENDIX 3 : DNA SEQUENCE OF OY9 
10 20 30 40 50 GAATTCATATCATAACTTTCAGCACAGACCATGGGGTATCTTTGGCAGGA CTTAAGTATAGTATTGAAAGTCGTGTCTGGTACCCCATAGAAACCGTCCT 
EcoR I OY9.3 begins; Homology with OYl begins 
60 70 80 90 100 
CCGCTACTGCCTAGAGTCTGGACCCTGAAAACCAGCAGGCCCTGAACTGC 
GGCGATGACGGATCTCAGACCTGGGACTTTTGGTCGTCCGGGACTTGACG 
110 120 130 140 150 
CCCAGGGGCTTCTCTGTCTCCACTCCCCTGAGGTCCCTTAGGACATGCAG 
GGGTCCCCGAAGAGACAGAGGTGAGGGGACTCCAGGGAATCCTGTACGTC 
160 170 180 190 200 
TTTACCCACCGCCCTTGTCTTTTCTCTGTTCCCTCCCTCACAGGCATATC 
AAATGGGTGGCGGGAACAGAAAAGAGACAAGGGAGGGAGTGTCCGTATAG 
210 220 230 240 250 
CCGGATAGGGTCACACAGGGAAACCCACTTGCACATTCCTCGCCTTTGGG 
GGCCTATCCCAGTGTGTCCCTTTGGGTGAACGTGTAAGGAGCGGAAACCC 
260 270 280 290 300 CACTGCCAGGGAGGCAGGCTGGAAGTGCCTGGAGGCATGCCTTGCTTACA 
GTGACGGTCCCTCCGTCCGACCTTCACGGACCTCCGTACGGAACGAATGT 
310 320 330 340 350 GACCATGTCTCTCCTAGGATGCCTGTGGTTTGGCAGATACAGCATACTTT CTGGTACAGAGAGGATCCTACGGACACCAAACCGTCTATGTCGTATGAAA 
360 370 380 390 400 
AGCGCATCTCATGTTTTGTG1CATATCGTGCCAGTGTGTGCCACCCTCAG 
TCGCGTAGAGTACAAAACACAGTATAGCACGGTCACACACGGTGGGAGTC 
410 420 430 440 450 GGAGGGCGTGTGCTGGCTGCTGGGCTGATTCGGGGCAGCACTGGCCCAGG 
CCTCCCGCACACGACCGACGACCCGACTAAGCCCCGTCGTGACCGGGTCC 
Incomplete BamH I Homology with OY 4 begins 
460 470 480 490 500 
ACCTTCCCAGTTCTCCTTTTCTCATGTGTGTGGAACAATCTCCAGTGCAG 
TGGAAGGGTCAAGAGGAAAAGAGTACACACACCTTGTTAGAGGTCACGTC 
510 520 530 540 · 550 CAGGCAATCTATGACTCTTTCTCCTTCAGCTCTCTGCCCATCTCGGCAGG 
GTCCGTTAGATACTGAGAAAGAGGAAGTCGAGAGACGGGTAGAGCCGTCC 
560 570 580 590 600 
ACCTTAGCCTCACCATCCCAGATCTTGCCATAGCCACGTCCCTCATTTCC 
TGGAATCGGAGTGGTAGGGTCTAGAACGGTATCGGTGCAGGGAGTAAAGG 
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61 0 620 630 640 650 
AGGGGCCAGCCCATGGCCCCACACACGGAGGGCTCCACAGGCAGTGGTTT 
TCCCCGGTCGGGTACCGGGGTGTGTGCCTCCCGAGGTGTCCGTCACCAAA 
660 670 680 690 700 CAAAGCCCCACCCCATGTGATTTGCTCTGTGTGAATCCTTAGACCATGAA 
GTTTCGGGGTGGGGTACACTAAACGAGACACACTTAGGAATCTGGTACTT 
710 720 730 740 750 
ACCCTCTTCCTGATCCAAGCACACACAACAACACGGTAGAACTGATGAGT 
TGGGAGAAGGACTAGGTTCGTGTGTGTTGTTGTGCCATCTTGACTACTCA 
760 770 780 790 800 
GTGTTTTGTATCCGGTCTAATTGCAGATATCTGGAGCCACAGTCTGGAGT 
CACAAAACATAGGCCAGATTAACGTCTATAGACCTCGGTGTCAGACCTCA 
810 820 830 840 850 
TATCACTGGCCATCCTTTCCTTGTTCCCATCCTGGGCAGGGTCAATGCAG 
ATAGTGACCGGTAGGAAAGGAACAAGGGTAGGACCCGTCCCAGTTACGTC 
860 870 880 890 900 
AGATAAGGTGACAAACTACCTTCAGCCTGGTCGCCTCATGACTCCTCTTC 
TCTATTCCACTGTTTGATGGAAGTCGGACCAGCGGAGTACTGAGGAGAAG 
910 920 930 940 950 
TGGTTGCTCAGCATCTCCTCTCCTGCCACCTTCATCTCTACCTCTGCCCT 
ACCAACGAGTCGTAGAGGAGAGGACGGTGGAAGTAGAGATGGAGACGGGA 
960 970 980 990 1000 GGGCCGGACACACACACACACACACACACACACACACACACACACACACA CCCGGCCTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGT 
Alternating purine and pyrimidine repeat (x25) 
1010 1020 1030 1040 1050 
CACACACAATCACAGCCAGCATAAATAAGCACACGTGTGTATACACCACA 
GTGTGTGTTAGTGTCGGTCGTATTTATTCGTGTGCACACATATGTGGTGT 
1060 1070 1080 1090 1 100 
TGCTCAGCACGGGGACACAGATGCAAACAACGAGCGTAGGTGTTTCAGGA 
ACGAGTCGTGCCCCTGTGTCTACGTTTGTTGCTCGCATCCACAAAGTCCT 
1110 1120 1130 1140 1 150 
GGTGAAGACGACCGAGGCCAGCAATGTCGGAGATGGCGACAGTAGGCACC 
CCACTTCTGCTGGCTCCGGTCGTTACAGCCTCTACCGCTGTCATCCGTGG 
1160 1170 1180 1190 1200 
ATGTCCTGCCCTTGGGGCTCCCTGTTCACCTTCTCCACGAACTCTTCCAT 
TACAGGACGGGAACCCCGAGGGACAAGTGGAAGAGGTGCTTGAGAAGGTA 
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1210 122 0 1230 12 40 1250 
ATGTTCCCAAGGCAGCCTGAAGCGCTTCCAGCGCAGCATGTTTGGTGGTT 
TACAAGGGTTCCGTCGGACTTCGCGAAGGTCGCGTCGTACAAACCACCAA 
1260 1270 1280 129 0 1300 GTGAGACACTGAGTGGTGAATGTGGAAATTCACAGAAGATCCCAAAGTCA CACTCTGTGACTCACCACTTACACCTTTAAGTGTCTTCTAGGGTTTCAGT 
1310 1320 1330 1340 13 50 GCACACAGGTGCACTGGGACCCCGGAGAGGACAGCTTTTCAATGATAGGC CGTGTGTCCACGTGACCCTGGGGCCTCTCCTGTCGAAAAGTTACTATCCG 
1360 1370 1380 1390 1400 CTTCCCTGGGTAAGGGGCGGGAGTGAAGTGCCCAGGCAATCTCAAACTCA GAAGGGACCCATTCCCCGCCCTCACTTCACGGGTCCGTTAGAGTTTGAGT 
1410 1420 1430 1440 1450 GTGAGCAGCAGGAGGCCAGGGGATGAAAGGACCCACAAAGGATGATTCTG CACTCGTCGTCCTCCGGTCCCCTACTTTCCTGGGTGTTTCCTACTAAGAC 
1460 1470 1480 1490 1500 
ACAAAGATACTTAATACACACTGCCTCTAGTAGTATCACCTGGACTCTGG 
TGTTTCTATGAATTATGTGTGACGGAGATCATCATAGTGGACCTGAGACC 
1510 1520 1530 1540 1550 
TGCTGATTTGATGGAGACTTGCTTCACTCATGGACACACCAAGTCCCCAA ACGACTAAACTACCTCTGAACGAAGTGAGTACCTGTGTGGTTCAGGGGTT 
1560 1570 1580 1590 1600 ATAAACAGTCTCAGGAGGTCACCTGCTAAAAGCTCGACCCA}\ACCCAGGC 
TATTTGTCAGAGTCCTCCAGTGGACGATTTTCGAGCTGGGTTTGGGTCCG 
1610 1620 1630 1640 1650 
TCCACAGCCAGCTTGCATGAGTCTGAGCATCCCCATTTGGGAAAGGACAG 
AGGTGTCGGTCGAACGTACTCAGACTCGTAGGGGTAAACCCTTTCCTGTC 
1660 1670 1680 1690 1700 
TGTCCCTGTAGTATCACACGAGTGTCCCTTCAGGGCCCACCTTCAGACCC ACAGGGACATCATAGTGTGCTCACAGGGAAGTCCCGGGTGGAAGTCTGGG 
1710 1720 1730 1740 1 750 CATCTCCACACATGTTTCTGTCAGTTACTCTCATGGAAGAACCTTCCTGC GTAGAGGTGTGTACAAAGACAGTCAATGAGAGTACCTTCTTGGAAGGACG 
1760 1770 1780 1790 18 00 CCAGGGTACTACTTCAGGCGATCATCCCACACATCTTGGCCGACAATCCG GGTCCCATGATGAAGTCCGCTAGTAGGGTGTGTAGAACCGGCTGTTAGGC 
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1810 182 0 1830 1840 1850 CTGGCAATCCGAGCAAGGTGAGCCAGCAGCCAAGAATCCCAAAGTGAATT GACCGTTAGGCTCGTTCCACTCGGTCGTCGGTTCTTAGGGTTTCACTTAA 
1860 1870 1880 1890 1900 GCTAACTGTGTTCAGGCCCAAAGCAACCACACCTCAGCAATCCTGTTCGA CGATTGACACAAGTCCGGGTTTCGTTGGTGTGGAGTCGTTAGGACAAGCT 
1910 1920 1930 1940 195 0 
CTCTGAGCAGTTGTGACCTGACAACCAGCCGCGAAAGTTAAGGCTCCTGG GAGACTCGTCAACACTGGACTGTTGGTCGGCGCTTTCAATTCCGAGGACC 
1960 1970 1980 1990 2000 
TGTCCACGCTGCGGCTGGATGCTCCCCATTCAAAATCCCAGAACCAGTGG 
ACAGGTGCGACGCCGACCTACGAGGGGTAAGTTTTAGGGTCTTGGTCACC 
2010 2020 2030 2040 2050 
ACAGGAGTGGAACAACGTGCCCTATGCCCTACAGAGAGACGGGAGATGGG 
TGTCCTCACCTTGTTGCACGGGATACGGGATGTCTCTCTGCCCTCTACCC 
OY9.3 ends 
2060 2070 2080 2090 2100 
TGTGGATCCCACAGGTCGACACTCCACAACCTTGCACACCCACACTCACC 
ACACCTAGGGTGTCCAGCTGTGAGGTGTTGGAACGTGTGGGTGTGAGTGG 
BamH I OY9.2 begins 
2110 2120 2130 2140 2150 
ACCCCAGGAACCACGTTTCACAAGTGATGTCAAGGTAATTCTACTTAGTG 
TGGGGTCCTTGGTGCAAAGTGTTCACTACAGTTCCATTAAGATGAATCAC 
2160 2170 2180 2190 2200 GTCACTGTGTCCAAGA.~GTAGGGGGGTCCTGAAAGGAA..:a~ATATCAACTTG 
CAGTGACACAGGTTCTTCATCCCCCCAGGACTTTCCTTTTATAGTTGAAC 
2210 2220 2230 2240 2250 CAGTGGGACGATGGATGGCTCCGCAACAGCACCTGTCAGGATAGGGAGCA 
GTCACCCTGCTACCTACCGAGGCGTTGTCGTGGACAGTCCTATCCCTCGT 
2260 2270 2280 2290 2300 GCGAAAAGGTTCCTGCGCCGCCTCCTCTTCCTGAGCAGCAGACTTCAAAG CGCTTTTCCAAGGACGCGGCGGAGGAGAAGGACTCGTCGTCTGAAGTTTC 
490 bp Direct Repeat, first copy 
2310 2320 2330 2340 2350 
AGCAGCAGAAAGGATACAGCTATGGCCCAGAAGCAAGGGATGCCCCAGGT 
TCGTCGTCTTTCCTATGTCGATACCGGGTCTTCGTTCCCTACGGGGTCCA 
2360 2370 2380 2390 2400 GATGGCGATCCTCCAAGCCACGTCAGGCTTCCTCCTCTGATGGTTCTTGC 
CTACCGCTAGGAGGTTCGGTGCAGTCCGAAGGAGGAGACTACCAAGAACG 
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2410 2420 2430 2440 2450 
ACATGAACTGGAAGTAGGCCCTGCAGTTCTTCTTATGCTCAGAGCTCAGT 
TGTACTTGACCTTCATCCGGGACGTCAAGAAGAATACGAGTCTCGAGTCA 
2460 2470 2480 2490 2500 
TCCACCAGCAGGGCAGCCAGTGCCTGCAGCGCATCTTGCCCTGGAAGCTC 
AGGTGGTCGTCCCGTCGGTCACGGACGTCGCGTAGAACGGGACCTTCGAG 
2510 2520 2530 2540 2550 
AGTAGTGCTCCCGGGCCTTCCCTGGCCCTGCTCCTCCACCGTCTTCTCAG 
TCATCACGAGGGCCCGGAAGGGACCGGGACGAGGAGGTGGCAGAAGAGTC 
2560 2570 2580 2590 2600 
CTCCTGGAAAAACCCCTATTGCTGCTCCTCATCTGCCACAACCTCCACCT 
GAGGACCTTTTTGGGGATAACGACGAGGAGTAGACGGTGTTGGAGGTGGA 
2610 2620 2630 2640 2650 CCTCCATGACGTCTTCTGCAAGCAGCTGGAACCACCACCCAATCCCCACC 
GGAGGTACTGCAGAAGACGTTCGTCGACCTTGGTGGTGGGTTAGGGGTGG 
2660 2670 2680 2690 2700 
ACGTCTCCGTCCACCAGGGGCTCACCGTCGTCCACCGCCTCCACCCTGCA 
TGCAGAGGCAGGTGGTCCCCGAGTGGCAGCAGGTGGCGGAGGTGGGACGT 
2710 2720 2730 2740 2750 
TAGCGTGGCTCCTTTGCCTGGCATGACAACTTGTGGCTGTAAGGTCCCAG ATCGCACCGAGGAAACGGACCGTACTGTTGAACACCGACATTCCAGGGTC 
2760 2770 2780 2790 2800 CCTCAAAAAGCCTGAGGATGGCAGGCCACCAACCCCAGCGCCCTGAAACC 
,GGAGTTTTTCGGACTCCTACCGTCCGGTGGTTGGGGTCGCGGGACTTTGG 
2810 2820 2830 2840 2850 
GGAGCTCACAACTAGGAAGGTCTGGGGTCCCAGGATGCTCCTGCATTCCT CCTCGAGTGTTGATCCTTCCAGACCCCAGGGTCCTACGAGGACGTAAGGA 
2860 2870 2880 2890 2900 
CTGACGGCCTTTCACACGCCTCTTGGCCCTGGTCGTGACCCCAGGCTGGG GACTGCCGGAAAGTGTGCGGAGAACCGGGACCAGCACTGGGGTCCGACCC 
2910 2920 2930 2940 2950 GCAGATGCCAAGGGATGGGACATAATAGCACAACAAGTGGTGTGTAAATG 
CGTCTACGGTTCCCTACCCTGTATTATCGTGTTGTTCACCACACATTTAC 
2960 2970 2980 2990 3000 CGGCTCAGGTTTCAGTAATCCTGTGGGACCCACTAGCTCTTTGGGGGCGG GCCGAGTCCAAAGTCATTAGGACACCCTGGGTGATCGAGAAACCCCCGCC 
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3010 3020 3030 3 040 3050 
GGAGTGAGGGGGATGGTAGGGAAGCGGGGGCTGGTGTGTGTCCGGTGGCC 
CCTCACTCCCCCTACCATCCCTTCGCCCCCGACCACACACAGGCCACCGG 
3060 3070 3080 3 090 3100 
TGAGGCTGAAGAAAGGGGTGGCAGACAGCATGGGACAGGGTGAACAGGCC 
ACTCCGACTTCTTTCCCCACCGTCTGTCGTACCCTGTCCCACTTGTCCGG 
3110 3120 3130 3140 3150 
CTGGGGAAATCAGCCGAATAGGCGGATCCCTAGGCCGTGAGCCACGGATA 
GACCCCTTTAGTCGGCTTATCCGCCTAGGGATCCGGCACTCGGTGCCTAT 
OY9.2 ends BamH I OY9.l and OY9.5 begin 
3160 3170 3180 3190 3200 
GGCTGCTGGCCCAAATCTAGTCCAATGGCTGAGAGAGTGGTGGGTGGCAC 
CCGACGACCGGGTTTAGATCAGGTTACCGACTCTCTCACCACCCACCGTG 
3210 3220 3230 3240 3250 
CCTTCTGGACACGCCCCTCAAACGTAGGAAGTCTTCCACAGTTCCTGGGC 
GGAAGACCTGTGCGGGGAGTTTGCATCCTTCAGAAGGTGTCAAGGACCCG 
3260 3270 3280 3290 3300 
TACAGCGCACCCACATGGCATATACCGCTCCAGGGAGTAATGGGTTTTGC 
ATGTCGCGTGGGTGTACCGTATATGGCGAGGTCCCTCATTACCCAAAACG 
3310 3320 3330 3340 3350 
ATCTGCTGATACTCCAGGCGCTGTCATTGTCCGGACTCTGGAAATCCCAA 
TAGACGACTATGAGGTCCGCGACAGTAACAGGCCTGAGACCTTTAGGGTT 
3360 3370 3380 3390 3400 
CGACGGGTTCCTGCTTCACAGTCTGAACAGCTTACTCCTGAGTCCCTCAG 
GCTGCCCAAGGACGAAGTGTCAGACTTGTCGAATGAGGACTCAGGGAGTC 
3410 3420 3430 3440 3450 
GACCCTCAATAACTGAGAAATTTCCCTGAGGATTCAAAGGATAAACAGGG 
CTGGGAGTTATTGACTCTTTAA-AGGGACTCCTAAGTTTCCTATTTGTCCC 
3460 3470 3480 3490 3 500 
ACTCCACGTGCCTGGATACTTTTTCTCCATGGGACACAGAACCTGTTGTC 
TGAGGTGCACGGACCTATGAAAAAGAGGTACCC~GTGTCTTGGACAACAG 
77 bp Direct 
3510 3520 3530 3540 35 50 
CAGATGCTAGGGGAGAAGGGAAAATCCACACTGTTGGCTACAGTTGATCT 
GTCTACGATCCCCTCTTCCCTTTTAGGTGTGACAACCGATGTCAACTAGA Repeat, first copy 
3560 3570 3580 3590 360 0 
CCACTGTTCAGGGACACCAGAGCCTTAGGGTACAGAGCTGGCTCTGTGTC 
GGTGACAAGTCCCTGTGGTCTCGGAATCCCATGTCTCGACCGAGACACAG 
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3610 3 62 0 363 0 3 640 3650 
TCTTCATCTCTGCTTCTGGCATAGCACTGT TTTGGGCAACCCTTCCATGT 
AGAAGTAGAGACGAAGACCGTATCGTGACAAAACCC GTTGGGAAGGTACA 
3660 3670 3680 369 0 3700 
GTGTACCAAGGGCTGGTGTCTGTTTGTCTCCATCTCTCTAAGTGGTGCTC 
CACATGGTTCCCGACCACAGACAAACAGAGGTAGAGAGATTCACCACGAG 
3710 3720 3730 3740 3 750 
TTGCTGTCTGTCACTCTCTGCACACCAGTGCTCATACGAGAAGTTTATAT 
AACGACAGACAGTGAGAGACGTGTGGTCACGAGTATGCTCTTCAAATATA 
3760 3770 3780 3790 3800 
GAGAAGGCAAGCCCTGCTCCTCCTTAGTGAGTTGCACCCATGGGAGATCA 
CTCTTCCGTTCGGGACGAGGAGGAATCACTCAACGTGGGTACCCTCTAGT 
3810 3820 3830 3840 3850 
GACTTTGTTAGTCCACACATTCGGAGAGTGCTTTCTCAAACTTGAAAGTC CTGAAACAATCAGGTGTGTAAGCCTCTCACGAAAGAGTTTGMCTTTCAG 
46 bp Direct Repeat, single copy cf. 
3860 3870 3880 3890 3900 CACAGTGTGCGGTCACTGCTGAACTGCAGAAGGTGCGGTGTGACCCTCCC 
GTGTCACACGCCAGTGACGACTTGACGTCTTCCACGCCACACTGGGAGGG OYl (6 mismatches) 
3910 3920 3930 3940 3950 
TCCGTCGCTGGACAGACGTGAATAGTGCAAAGGCCTCAGGTAGCTTGGCC 
AGGCAGCGACCTGTCTGCACTTATCACGTTTCCGGAGTCCATCGAACCGG 
3960 3970 3980 3990 4000 
ACACTTTGCACAGATGGAGAAATGGGGCATGGCCTGGGGCCTGAGGGCAC 
TGTGAAACGTGTCTACCTCTTTACCCCGTACCGGACCCCGGACTCCCGTG 
4010 4020 4030 4040 4050 
TCCCTGAACATTATTTGATACCTGCCAGGGAGATGGTAAGGACAGCTCCC 
AGGGACTTGTAATAAACTATGGACGGTCCCTCTACCATTCCTGTCGAGGG 
4060 4070 4080 4090 4100 CATTAAGTTCCATGACACACTGGTGCCAGAAACATGCATGGCTGCCAGTT 
GTAATTCAAGGTACTGTGTGACCACGGTCTTTGTACGTACCGACGGTCAA 
4110 4120 4130 4140 4150 
TACCCTATCGAGGCCCTTTCAAAGCGGTTCTGTTCTCCATGTGAGGACAC 
ATGGGATAGCTCCGGGAAAGTTTCGCCAAGACAAGAGGTACACTCCTGTG 
4160 4170 4180 4190 42 00 
ATTCAAGCCTGCCCGGTCACCCAAGCCTGTGGGGCTGGGAGCAGCAAGAG 
TAAGTTCGGACGGGCCAGTGGGTTCGGACACCCCGACCCTCGTCGTTCTC 
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421 0 42 2 0 42 3 0 42 40 4250 GATCAAGATAAGCCATCCAGCCTATAGTCCTGAGAGCCAATATATGTGTT CTAGTTCTATTCGGTAGGTCGGATATCAGGACTCTCGGTTATATACACAA 304 bp BRY.1 Homologue (54 mismatches, 82% identity) 
4260 4270 4280 4290 4300 CTGCAAAGAGTACAAAGAGTGATGATTCAGACTGGAAGACTGCAGGTAGC GACGTTTCTCATGTTTCTCACTACTAAGTCTGACCTTCTGACGTCCATCG 
4310 4320 4330 4340 43 50 
AGGTGCTTATGCTGAAGTTCTGGTCCATCACTGAAACCACACAAAATAGG 
TCCACGAATACGACTTCAAGACCAGGTAGTGACTTTGGTGTGTTTTATCC 
4360 4370 4380 4390 440 0 
CAAGGGTTGCTCATGCTCATGGTAAGGTCAGGGAAAGTATGCCTGGCACT 
GTTCCCAACGAGTACGAGTACCATTCCAGTCCCTTTCATACGGACCGTGA 
4410 4420 4430 4440 4450 
TGGGAAGGATGGAAAGGCCCTTGTATCAGGGTGTTCAAAGGGCTGTGGGG 
ACCCTTCCTACCTTTCCGGGAACATAGTCCCACAAGTTTCCCGACACCCC 
4460 4470 4480 4490 4500 
TCACCCACCGTGGCTTCTGTGTCTGGGATTGCAACCTGTTCTGTGTCTCA 
AGTGGGTGGCACCGAAGACACAGACCCTAACGTTGGACAAGACACAGA.G..T 
4510 4520 4530 4540 4550 
GATCTTCTGCACTCTCACTGGTCACCCCCAGGCACTTTATTCCTGCCTCT 
CTAGAAGACGTGAGAGTGACCAGTGGGGGTCCGTGAAATAAGGACGGAGA 131 bp Inverted Repeat, first unit of Palindrome 
4560 4570 4580 4590 4600 
CCTTTCTGCCAGGAATCCTTGCTGGACCACTGTGATTCCACTCAGAACTT 
GGAAAGACGGTCCTTAGGAACGACCTGGTGACACTAAGGTGAGTCTTGAA 
4610 4620 4630 4640 4650 
GCTCACTCAGTGAGATAACGGGGATCAGTAAGTATGTCTACATATGTTCT 
CGAGTGAGTCACTCTATTGCCCCTAGTCATTCATACAGATGTATACAAGA 
OYl homology ends 
4660 4670 4680 4690 4700 GTGGGTTTGTG~ATGTGTGTGTGCGCGCACACACACGTGTGTGTGACTCC 
CACCCAAACACATACACACACACGCGCGTGTGTG~GCACACACACTGAGG 
22 bp Palindrome 
4710 4720 4730 474 0 47 50 
CACATCTCAGTTATTTTCGGAATCATTCACCTTTACAACAATAACTGTCA 
GTGTAGAGTCAATAAAAGCCTTAGTAAGTGGAAATGTTGTTATTGACAGT 
4760 4770 4780 4790 48 00 GCTAAGGTGGCTCTGATGTACTGTCTCTGGTCATTTCTGACTTAGAGGCT CGATTCCACCGAGACTACATGACAGAGACCAGTAAAGACTGAATCTCCGA 
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4810 4820 4830 4840 4850 AATCCTCCTCAGATGCAGGCCTGAAGGAGACACACAGAGTCATGGCTGCG TTAGGAGGAGTCTACGTCCGGACTTCCTCTGTGTGTCTCAGTACCGACGC 
4860 4870 4880 4890 4900 ACCCTTACAGGTGTGGCCCTGCCCGGACTCTACTCAGCTGTGCCTTTGGA TGGGAATGTCCACACCGGGACGGGCCTGAGATGAGTCGACACGGAAACCT 
4910 4920 4930 4940 4950 GCCTGCCAATTGCCCAGTACCACACTTCCTTCAGGGTCCACCATTCTGCC CGGACGGTTAACGGGTCATGGTGTGAAGGAAGTCCCAGGTGGTAAGACGG 
4960 4970 4980 4990 5000 CCCTCGCCTCCACCCCTCCTCCTGCTCCTGCCTCTGCACCTCCGCCTCCT GGGAGCGGAGGTGGGGAGGAGGACGAGqACGGAGACGTGGAGGCGGAGGA 
494 bp Direct Repeat, 
5010 5020 5030 5040 5050 CCTGAGCACTGGACCACAACGAGTAGCAGAAAGGATACCACGTTGGCCCA GGACTCGTGACCTGGTGTTGCTCATCGTCTTTCCTATGGTGCAACCGGGT 
second copy (122 mismatches, 75% identity cf. first copy) 
5060 5070 5080 5090 5100 GAAGCCAGGGATGCCCTGGATGTTGGCACTCTTCTGAGCCAAGCCACGCT CTTCGGTCCCTACGGGACCTACAACCGTGAGAAGACTCGGTTCGGTGCGA 
5110 5120 5130 5140 5150 TCCTCCTCTCATGACTCTTGCACATAAACCAAACGTAGGCCCTGCAGGTT 
AGGAGGAGAGTACTGAGAACGTGTATTTGGTTTGCATCCGGGACGTCCAA 
5160 5170 5180 5190 5200 TTCTCAGGCTTAGAGCTAAGTTCCACTTACAAGGTCGCCAGTGCCAGCAT 
AAGAGTCCGAATCTCGATTCAAGGTGAATGTTCCAGCGGTCACGGTCGTA 
5210 5220 5230 5240 5250 CTCATCTAGTGCCGGGAGCTCACTCGGGACTCCAGGCCTTTCCTGGCACT 
GAGTAGATCACGGCCCTCGAGTGAGCCCTGAGGTCCGGAAAGGACCGTGA 
5260 5270 5280 5290 5300 GCTCCTCCAATGTCTTCTCCTCCAGCTCCAGGGAGGACCCCTGTTTCTGT CGAGGAGGTTACAGAAGAGGAGGTCGAGGTCCCTCCTGGGGACAAAGACA 
5310 5320 5330 _5340 5350 TATTCATCTGGCACAACCTCCACATCCTCAGTGATGTCCTCTGCAAGCAG ATAAGTAGACCGTGTTGGAGGTGTAGGAGTCACTACAGGAGACGTTCGTC 
5360 5370 5380 5390 5400 CTGGAAACCCCGTCTGATCCCTGCCACGACTCCGTCCACCTGGGCCTCGC GACCTTTGGGGCAGACTAGGGACGGTGCTGAGGCAGGTGGACCCGGAGCG 
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5410 542 0 5430 54 40 5450 
TGTCCTCTCCTGCCTCCACTCTGAAGAGGGTGGCATCTTCGCCTGGTGTG 
ACAGGAGAGGACGGAGGTGAGACTTCTCCCACCGTAGAAGCG GACCACAC 
5460 5470 5480 549 0 5500 GCCACTGGTGGCTCCAACGTCCCAGCCATGCACAGCATCACCAGGACAGG CGGTGACCACCGAGGTTGCAGGGTCGGTACGTGTCGTAGTGGTCCTGTCC 
5510 5520 5530 5540 555 0 CTGTTGCTGGCCAGATGCTAGGGGAGTAGGGAAAAACCCCACCGTTTGCC GACAACGACCGGTCTACGATCCCCTCATCCCTTTTTGGGGTGGCAAACGG 79 bp Direct Repeat, second copy (11 mismatches, 86% identity cf. first copy) 
5560 5570 5580 5590 5600 
ACGTTGATCTCCATTGTTCAGGGACACCAAATGGGAAAGGGGACGGAATG 
TGCAACTAGAGGTAACAAGTCCCTGTGGTTTACCCTTTCCCCTGCCTTAC 
5610 5620 5630 5640 5650 
AATAAAATTCCCCTTTTGATCACTCAACAGGAGGTCCTAGTCACCAGGTC 
TTATTTTAAGGGGAAAACTAGTGAGTTGTCCTCCAGGATCAGTGGTCCAG 
124 bp Hind III Tandem Repeats start 
5660 5670 5680 5690 5700 
TCATACATGTTCCTGAAAAAGAAAGCTTGTACTTCAGCATATAGACAAGT 
AGTATGTACAAGGACTTTTTCTTTCGAACATGAAGTCGTATATCTGTTCA 
OY9.1 ends Hind III 
5710 5720 5730 5740 5750 
TTCCTCTCAGCGATGTTACTGTGTACACGCATATATTTGTGTACATGTGG 
AAG~AGAGT~~CTACAATGACA~ATGTGCGTATATAAAC~~ATGTA~ACC 
5760 5770 5780 5790 5800 ACGTAGAAATTTTAGTGCTTACCAAAATTCAAGGTCCTGGGAAAGAAAGC 
TG~AT~TTTMAA,TCACGAATGGTTTTAAGTTCCAGGACCCTTTCTTTCG 
Hind III 
5810 5820 5830 5840 5850 
.TT.GTACTTCTGCATATGGACAGGTTTCCTCTCAGCGATGTAACTGTATTC 
AACATGAAGACGTATACCTGTCCAAAGGAGAGTCGCTACATTGACATAAG 
5860 5870 5880 5890 5900 ACCCATCTATTTGTGCACATGTGTGTGTAGAAATTTGAGTGCTTACCAAA 
TGGGTAGATAAACACGTGTACACACACATCTTTAAACTCACGAATGGTTT 
5910 5920 5930 5940 59 50 
ATTCATGTTCCTTGAAAAGAAAGCTTGTACTTCCGCATATGGAGAAGCTT 
TAAGTA~AAGGAACTTTTCTTTCGAACATGAAGG~GTATACCTCTTCGAA 
Hind III Hind III 
5960 5970 5980 5990 6000 CCTCTCAGGGATGTTACTGTGTACACGAGTGTGTTTCTGCACATATGCGT GGAGAGTCCCTACAATGACACATGTGCTCACACAAAGACGTGTATACGC~ 
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6010 6020 6030 6040 6050 
GCAGAAATTTTAGTGCTTACCAAAACTCAAGTTCCTGGAAAAGAAAGCTT 
CG.TCTTTAAAATCACG.AATGGTTTTGAGTTCAAGGACCTTTTCTTTCGAA 
Hind III 
6060 6070 6080 6090 6100 GTACTTTTGCATATGGACAGGTTTCCCCTCAGCGATCTTACTGTGTACAC CATGAAAACGTATACCTGTCCAAAGGGGAGTCGCTAGAATGACACATGTG 
6110 6120 6130 6140 6150 GCATCTATTTGTGCACATGTGCACATAGAAATTTGAGTGCTTACCACAAT 
CGTAGATAAACACGTGTACACGTGTATCTTTAAACTCACGAATGGTGTTA 
6160 6170 6180 6190 6200 
TAATGTTCCTGGAAAAGAAAGCTTGCACTTCTGCATATGGACAAGTTTTC 
ATTACAAGGACCTTTTCTTTCGAACGTGAAGACGTATACCTGTTCAAAAG 
Hind III OY9.4 begins 
6210 6220 6230 6240 6250 
TCTCAGGGATGTTACTGAGTACACGTGCATGTTTGTACACATGTGCGTGC 
AGAGTCCCTACAATGACTCATGTGCACGTACAAACATGTGTACACGCACG 
6260 6270 6280 6290 6300 
AGAAATTTGAGTGCCTACCAAAATTCAAGTTCCTGGAAAAGAAAGCTGTA 
TCTTTAAACTCACGGATGGTTTTAAGTTCAAGGACCTTTTCTTTCGACAT 
Incomplete Hind III 
6310 6320 6330 6340 6350 
CTTCTGCATATGGACAGGTTTCCCCTCAGCGATGTTACCGTGTACACATG 
GAAGACGTATACCTGTCCAAAGGGGAGTCGCTACAATGGCACATGTGTAC 
6360 6370 6380 6390 6400 
TATGTTTCTGTACATGTGCGTGTAGAAATCCCTGCCAGTTCGCTTGTGTG 
ATACAAAGACATGTACACGCACATCTTTAGGGACGGTCAAGCGAACACAC 
6410 6420 6430 6440 6450 
TATGAGCTACTGCAACTGACCTAGCCAGGTGATAGAAGTTGGACAGCGAA 
ATACTCGATGACGTTGACTGGATCGGTCCACTATCTTCAACCTGTCGCTT 
6460 6470 6480 6490 6500 
ACCATGAAGTTCTTAGGGAACGGTACAGAGTCTCTGGCCAGCAGAAGCAC 
TGGTACTTCAAGAATCCCTTGCCATGTCTCAGAGACCGGTCGTCTTCGTG 
6510 6520 6530 6540 6550 
TGAAGCCAGGGAATCGCTTCCCGTTTGCTCACTGAGCAAACACGTTCTAG 
ACTTCGGTCCCTTAGCGAAGGGCAAACGAGTGACTCGTTTGTGCAAGATC 
133 bp Inverted Repeat, second unit of Palindrome 
6560 6570 6580 6590 6600 
GCGGAATCACAGTCGTGCACCTAGGATGCTTGGCAGAAAGGAGAGGCCGG CGCCTTAGTGTCAGCACGTGGATCCTACGAACCGTCTTTCCTCTCCGGCC (34 mismatches, 74% identity) 
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6610 6620 6630 664 0 6650 
AGGAGAGAGCCTGGGGAGTGTGAAGATGAAAGTCCACTACATCTGCAGTT 
TCCTCTCTCGGACCCCTCACACTTCTACTTTCAGGTGATGTAGACGTCAA 
6660 6670 6680 6690 6700 
TACGAAAAGTAGAAAATGTACCTAATGAGCTGGGAGGACAACTGTACTTA 
ATGCTTTTCATCTTTTACATGGATTACTCGACCCTCCTGTTGACATGAAT 
6710 6720 6730 6740 67 50 
ATTAATTGAGTTATCTAAGAGGATTTCCATCCAAACAGCCAAAAGTGCTT 
TAATTAACTCAATAGATTCTCCTAAAGGTAGGTTTGTCGGTTTTCACGAA 
6760 6770 6780 6790 6800 
CTGGTTTCTTCTTGCTGCCTGTAGTAAAACATGAAGGGATATATATATAT 
GACCAAAGAAGAACGACGGACATCATTTTGTACTTCCCTATATATATATA 
6810 6820 6830 6840 6850 
ATATATATATATATTTAATGTTTAACATAAAGATTATTAAAACAGGGGAC 
TATATATATATATAAATTACAAATTGTATTTCTAATAATTTTGTCCCCTG 
6860 6870 6880 6890 6900 
AACATTTGCTGATTTGGGAATTTTCCAGTCTTTTAAGATGATGGAAGATG 
TTGTAAACGACTAAACCCTTAAAAGGTCAGAAAATTCTACTACCTTCTAC 
6910 6920 6930 6940 6950 
ATAAATTAATGACTCTCAAGCAAGATCATATCCAGGGCATTGAGATTAGG 
TATTTAATTACTGAGAGTTCGTTCTAGTATAGGTCCCGTAACTCTAATCC 
6960 6970 6980 6990 7000 
TGGTCTAAATATAACATTTTACACCACCGATAGGCCAGTTCTTCTTCATA 
ACCAGATTTATATTGTAAAATGTGGTGGCTATCCGGTCAAGAAGAAGTAT 
7010 7020 7030 7040 7050 
TTATTTTTTCTAAACAAAGGTGTTCTAAAGATGAGTATGACTGTAAAATT 
AATAAAAAAGATTTGTTTCCACAAGATTTCTACTCATACTGACATTTTAA 
7060 7070 7080 7090 7100 
CTTTGTTAAGCCTCAGAAAGCTGGAAGGGGATGCTTCATGGCATTATTTT 
GAAACAATTCGGAGTCTTTCGACCTTCCCCTACGAAGTACCGTAATAAAA 
7110 7120 7130 7140 7150 
AGTCAGGCCAATACCCTCCAAAGAGTTTAGGGGTGTCACTCAGAGATCCT 
TCAGTCCGGTTATGGGAGGTTTCTCAAATCCCCACAGTGAGTCTCTAGGA 
C· 
OY4 homology ends 
7160 7170 7180 7190 7200 
TTCAGTCACACAATAAGACTTCTACCAAGGTTCAGGGTGTTATCCCTCAG 
AAGTCAGTGTGTTATTCTGAAGATGGTTCCAAGTCCCACAATAGGGAGTC 
I 
I 
I 
I (Appendix 3 continued) 
7210 7220 7230 7240 7250 
CTATCTCAGCAGAAAACCAAGACAGAGTAAGCCTTATTATGAAGACATGT 
GATAGAGTCGTCTTTTGGTTCTGTCTCATTCGGAATAATACTTCTGTACA 
7260 7270 7280 7290 7300 
GTGATTGTCGCTTTTGAGTGGGGTGCTTTGCCTTGAACACCAGTAAGAGT 
CACTAACAGCGAAAACTCACCCCACGAAACGGAACTTGTGGTCATTCTCA 
7310 7320 7330 7340 7350 
AACAGGAGACACACCAAGGTTTTAAGATAACATATTTAAGTTCAGCTCGG 
TTGTCCTCTGTGTGGTTCCAAAATTCTATTGTATAAATTCAAGTCGAGCC 
7360 7370 7380 7390 7400 
TCTGAAAGGACCAGCAATAGTACAAAATAGGAGCTCTGGACTTCTACCTT 
AGACTTTCCTGGTCGTTATCATGTTTTATCCTCGAGACCTGAAGATGGAA 
7410 7420 7430 7440 7450 
CTACAAGCAGGAAGCAGGCTAGGGACACTGTTTCATGTAACCATATCTAG 
GATGTTCGTCCTTCGTCCGATCCCTGTGACAAAGTACATTGGTATAGATC 
7460 7470 7480 7490 7500 
CCACCTTTCATGCAATGGCATCATGTCAGCGGGTAGAAAGAAAAAATCAG 
GGTGGAAAGTACGTTACCGTAGTACAGTCGCCCATCTTTCTTTTTTAGTC 
7510 7520 7530 7540 7550 
AGACTGAAGCCTAGGAAGTGTCCAGGCCTTAAATACTAATCAAAGGACTG 
TCTGACTTCGGATCCTTCACAGGTCCGGAATTTATGATTAGTTTCCTGAC 
7560 7570 7580 7590 7600 
CCCGCAAGAACCCATGGGATTTCAGAACTGCTACTATTGACTCCCTTTTC 
GGGCGTTCTTGGGTACCCTAAAGTCTTGACGATGATAACTGAGGGAAAAG 
7610 7620 7630 7640 7650 
CCTCCCCTTTCTGGAACAGGAGTGTCTATGAAGGTTATCTATGCCTGAAC 
GGAGGGGAAAGACCTTGTCCTCACAGATACTTCCAATAGATACGGACTTG 
7660 7670 7680 7690 7700 
CACCACTGTATGTTGGCTGTGAAAGGGAGCAGATTAACTCATCTCTTTTG 
GTGGTGACATACAACCGACACTTTCCCTCGTCTAATTGAGTAGAGAAAAC 
7710 7720 7730 7740 7750 
TTCACACATCCTCAGGTCTAGAGGAACTACACTTCTATAATTTGAACTGA 
AAGTGTGTAGGAGTCCAGATCTCCTTGATGTGAAGATATTAAACTTGACT 
BCY9a homology begins 
7760 7770 7780 7790 7800 
TGTGTTGCAGACTTGAGAGGCTCTTGGACTGCAAGGAGATCAAACCAGTC 
ACACAACGTCTGAACTCTCCGAGAACCTGACGTTCCTCTAGTTTGGTCAG 
11 
I 
I 
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7810 7820 7830 7840 7850 
AATCCTAAAGTAAATCTCTCCTGCATATTCATTCGAAGGACTGATGCTGA 
TTAGGATTTCATTTAGAGAGGACGTATAAGTAAGCTTCCTGACTACGACT 
7860 7870 7880 7890 7900 
AGCTGAAGCTCCAATACTTGGGCTATGTGATGGGAATAACCGTCTCATTG 
TCGACTTCGAGGTTATGAACCCGATACACTACCCTTATTGGCAGAGTAAC 
7910 7920 7930 7940 7950 
GAAAAGACCGTGATGCGGAAAAAGATGAAGGTAGGAGAAGGGGACAGCAG 
CTTTTCTGGCACTACGCCTTTTTCTACTTCCATCCTCTTCCCCTGTCGTC 
7960 7970 7980 7990 8000 
AGGATGGGATTGTTGGATAGCATCATCGACTCAATGGACTTGAGTTTGAG 
TCCTACCCTAACAACCTATCGTAGTAGCTGAGTTACCTGAACTCAAACTC 
8010 8020 8030 8040 8050 
CAAGCTCCTGGAGTTGATGGACAGGGAAGCCTGCAGCGCTGCAGCCCATG 
GTTCGAGGACCTCAACTACCTGTCCCTTCGGACGTCGCGACGTCGGGTAC 
8060 8070 8080 8090 8100 
GGTCGCCAAGAATACGACACAACTGAGCAACAGAACACGAGATACTGTAC 
CCAGCGGTTCTTATGCTGTGTTGACTCGTTGTCTTGTGCTCTATGACATG 
BCY9a homology ends 
8110 8120 8130 8140 8150 
ACGTGGACCCTGATCCATAGCTGGACCTGACTTAGATGACAAGGTCCTGA 
TGCACCTGGGACTAGGTATCGACCTGGACTGAATCTACTGTTCCAGGACT 
8160 8170 8180 8190 8200 
ACTTCAAGTTAATGCTGTAACAGATAAATTGTTTAA.AAGCATTGGCAGGA 
TGAAGTTCAATTACGACATTGTCTATTTAACAAATTTTCGTAACCGTCCT 
8210 8220 8230 8240 8250 
AAAGGCATTTTGGACATACACGTATGTGAACAATTTCTGGCCATGTGTGT 
TTTCCGTAAAACCTGTATGTGCATACACTTGTTAAAGACCGGTACACACA 
8260 8270 8280 8290 8300 
ACCACGTGGTTTTAAATTATGTCCACGGTTCCTTCTTCCGCCCCTTCACA 
TGGTGCACCAAAATTTAATACAGGTGCCAAGGAAGAAGGCGGGGAAGTGT 
8310 8320 8330 8340 8350 
TGTGTGGTGGGCTTAGTGGCTCACTTCTCATGTTAGAATACTGTAGAAAC 
ACACACCACCCGAATCACCGAGTGAAGAGTACAATCTTATGACATCTTTG 
8360 8370 8380 8390 8400 
GAACAATGAAGTGTCTGAGACTAGGTCATAAAAGGCACTGCAGCCTTCTT 
CTTGTTACTTCACAGACTCTGATCCAGTATTTTCCGTGACGTCGGAAGAA 
.\ 
I 
I 
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8410 84 2 0 843 0 8440 8450 
GATCATCCTCTTGGATCACTCACTCTAGAAGCCAGCTTAGTCATATCTCG 
CTAGTAGGAGAACCTAGTGAGTGAGATCTTCGGTCGAATCAGTATAGAGC 
8460 8470 8480 8490 8500 
AGAACACTCAGGTAGCCCTTTAGAGAGGCCCATGTGAAAGAACCGAGGCT 
TCTTGTGAGTCCATCGGGAAATCTCTCCGGGTACACTTTCTTGGCTCCGA 
8510 8520 8530 854 0 8 55 0 
TTCTCCCAACAGCCAGCAAGCAAACTGGTTCCAACAGCTATGTGAGTAAG 
AAGAGGGTTGTCGGTCGTTCGTTTGACCAAGGTTGTCGATACACTCATTC 
8560 8570 8580 8590 8600 
CCATCTTGGAAGGAAATCCACCAGCGCATGTCAAGGCTTCAGAGGATGGC 
GGTAGAACCTTCCTTTAGGTGGTCGCGTACAGTTCCGAAGTCTCCTACCG 
8610 8620 8630 8640 8650 
AATCTCATGAGACACTGAGCCACAACACTCAGCTGAATTACTCCTGGATT 
TTAGAGTACTCTGTGACTCGGTGTTGTGAGTCGACTTAATGAGGACCTAA 
8660 8670 8680 8690 8700 
CCCAACTTTCAGCAGCAGTATGAAATAATATTGTTTTAAGCTGCTAGTTT 
GGGTTGAAAGTCGTCGTCATACTTTATTATAACAAAATTCGACGATCAAA 
8710 8720 8730 8740 8750 
TGGCTAACTGCTTATGCAGCACTAGTTCATTAATGCACTGCCAACTTTGG 
ACCGATTGACGAATACGTCGTGATCAAGTAATTACGTGACGGTTGAAACC 
8760 8770 8780 8790 8800 
GCAATGTCTTTATTCAGGGCTGCCTGTCCATCTAGTCCAATTTAATCCAG 
CGTTACAGAAATAAGTCCCGACGGACAGGTAGATCAGGTTAAATTAGGTC 
8810 8820 8830 8840 8850 
AATCTGCTACTTCAGTTCAGAAAACATAGCCCACCCTTGATCTGACCACC 
TTAGACGATGAAGTCAAGTCTTTTGTATCGGGTGGGAACTAGACTGGTGG 
8860 8870 8880 8890 8900 
CTCAGTATCCGATCAAATATCATTTCACTCACCGGAATATCTTATCAGCC 
GAGTCATAGGCTAGTTTATAGTAAAGTGAGTGGCCTTATAGAATAGTCGG 
8910 8920 8930 8940 8950 
TTGCCTAGCCTCAGCAATGATCCTCTCAGTTGAGCCAGAGTCCACCCTCA 
AACGGATCGGAGTCGTTACTAGGAGAGTCAACTCGGTCTCAGGTGGGAGT 
8960 8970 8980 8990 9000 
CGCTTATAGTCCTCATTTTAATAAGTTTCCATCCACTGACACCCATTCTG 
GCGAATATCAGGAGTAAAATTATTCAf..AGGTAGGTGACTGTGGGTAAGAC 
230 
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9010 90 2 0 9030 9040 9050 TTATTGTTGTCCATTGCTTTTCAGTCTCCCATCTCTGTCTGCAATCCCAT AATAACAACAGGTAACGAAAAGTCAGAGGGTAGAGACAGACGTTAGGGTA 
9060 9070 9080 9090 9100 GGGCCCACCCTGTTCCTCAGCTATAAATCCCAGCTGCACCCCTCCTGGAG CCCGGGTGGGACAAGGAGTCGATATTTAGGGTCGACGTGGGGAGGACCTC 
9110 9120 9130 91 40 9150 TCACACATAAGCTCAATCTCTCTCCCATGTTATAATACGCCACTGTAGTA AGTGTGTATTCGAGTTAGAGAGAGGGTACAATATTATGCGGTGACATCAT 
9160 9170 9180 9190 92 00 CTCTTACCTTGAATAAAGTTTTTCTTGCCACCTTTCGTAAGTGTTATGAA GAGAATGGAACTTATTTCAAAAAGAACGGTGGAAAGCATTCACAATACTT 
9210 9220 9230 9240 9250 AACTTTTTGAACATTCCCAAGTTCTGTTAGTAAGGATTACTCTCAAAGGA TTGAAAAACTTGTAAGGGTTCAAGACAATCATTCCTAATGAGAGTTTCCT 
9260 9270 9280 . 92 90 9300 ATCTAGTTTTATATCTTTATTCTTTATACTATATTCATTTGGGGGAACAA TAGATCAAAATATAGAAATAAGAAATATGATATAAGTAAACCCCCTTGTT 
9310 9320 9330 9340 9350 ATTTCTAGAATTAAAACATTTCATGTTTTTACCATACAAACAGAAAATAT TAAAGATCTTAATTTTGTAAAGTACAAAAATGGTATGTTTGTCTTTTATA 
9360 9370 9380 9390 9400 CTTTGAAAATACATTTACATATCTTAAAATATGTAGTAATCTGAAAAGGA GAAACTTTTATGTAAATGTATAGAATTTTATACATCATTAGACTTTTCCT 
9410 9420 9430 9440 9450 TGTGTATATAGACATGTCACTGTATATACACACATACCCTCAGAGCTCCA ACACATATATCTGTACAGTGACATATATGTGTGTATGGGAGTCTCGAGGT 
9460 94 70 9480 9490 950 0 AGGAAAACTTAATTCTCAGTAAACAATAAATGAATACATTCAGCCTGAAA TCCTTTTGAATTAAGAGTCATTTGTTATTTACTTATGTAAGTCGGACTTT 
9510 9520 9530 9540 955 0 ATAGTGAACTCTTTGGATTCAACTTGCCAAAAATCTTAGACAATGAAATT TATCACTTGAGAAACCTAAGTTGAACGGTTTTTAGAATCTGTTACTTTAA 
9560 9570 9580 9590 96 00 TTAATTAAAAAACATGGATACATAAAAATAATTGGGATTCAGACAAAATT AATTAATTTTTTGTACCTATGTATTTTTATTAACCCTAAGTCTGTTTTAA 
231 
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9610 9620 9630 9640 9650 GCTAAATAAAGATAGGTCAACCCCTAAACCATCTCTGGAAAAAAAAAAAA CGATTTATTTCTATCCAGTTGGGGATTTGGTAGAGACCTTTTTTTTTTTT 
Adenosine blocks 
9660 9670 9680 9690 9700 AAAAGAAATCCTCAGTATCATGTAATAACCTATCATGGAAAAGAACCTAC 
TTTTCTTTAGGAGTCATAGTACATTATTGGATAGTACCTTTTCTTGGATG begin (56% adenosine) 
9710 9720 9730 9740 9750 AAAAGAATAGATACATATCTGCATAACTAAATCACTCTGATATACATCTG 
TTTTCTTATCTATGTATAGACGTATTGATTTAGTGAGACTATATGTAGAC 
9760 9770 9780 9790 9800 AAATACAACATTGTAAATCTAATATATTTACAGGAAAAAAAAAAATTGTG 
TTTATGTTGTAACATTTAGATTATATAAATGTCCTTTTTTTTTTTAACAC 
9810 9820 9830 9840 9850 
AAGAAACTTCTAAAATACAAAGTTATAAAGAAAAAAAATCCTAAAGAATG 
TTCTTTGAAGATTTTATGTTTCAATATTTCTTTTTTTTAGGATTTCTTAC 
9860 9870 9880 9890 9900 
TAGGAAGTATCTATGAATGTAAACAAAAATAGAAAACAAAAATAAAGCTT ATCCTTCATAGATACTTACATTTGTTTTTATCTTTTGTTTTTATTTCGAA 
OY9.4 and adenosine blocks end Hind III 
9910 9920 9930 9940 9950 GTTGGGTTAAGACGACAAGAGCTGCTTCTTGGAAAAAGAAAATCAGAACA CAACCCAATTCTGCTGTTCTCGACGAAGAACCTTTTTCTTTTAGTCTTGT 
9960 9970 9980 9990 10000 CTTGATACAACTGTGGCAAATCTATAAAGGGGACAGGGAGGTTAATTCCA GAACTATGTTGACACCGTTTAGATATTTCCCCTGTCCCTCCAATTAAGGT 
10010 10020 10030 10040 10050 
ATACTAGAAATGAGGAACGAAATGGGATTCTGAGAGGATAACATTCAACT 
TATGATCTTTACTCCTTGCTTTACCCTAAGACTCTCCTATTGTAAGTTGA 
10060 10070 
CTGAGTGG.A..ATTC 
GACTCACCTTAAG 
EcoR I OY9.5 ends 
2.32 
APPENDIX 4: DNA SEQUENCE OF OYll.1 
10 20 30 40 50 GAATTCCAACTTAATCTCCTATGAGTCCAAAGTCCATGCTTCGAAACGCT CTTAAGGTTGAATTAGAGGATACTCAGGTTTCAGGTACGAAGCTTTGCGA 
EcoR I OYll.l begins; Equivalent to BRY4C nt 86. 
60 70 80 90 100 GTAGAACAATGCTTTTGTAAAAATACTCTCCTTTACATTTGATTTCACGT CATCTTGTTACGAAAACATTTTTATGAGAGGAAATGTAAACTAAAGTGCA 
110 120 130 140 150 AATGATCAGTGTGGTGTTTTGTTTTTTTTTCCCCCTCTTTATTTTTTTAA 
TTACTAGTCACACCACAAAACAAAAAAAAAGGGGGAGAAATAAAAAAATT 
160 170 180 190 20 0 GTAGAAGAGGTTAAAGTGACATGTGACAAAGCTATGATTCTAGAGCCATG CATCTTCTCCAATTTCACTGTACACTGTTTCGATACTAAGATCTCGGTAC 
210 220 230 240 250 
TAGACTTGTAGTCGTAGTTTTTTCAGCTGTCATTGAGTCTGGTTGACGCT ATCTGAACATCAGCATCAAAAAAGTCGACAGTAACTCAGACCAACTGCGA 
260 270 280 290 300 CAGTGTCTTTGTCTGTAAGATAAGGGTGTGTATAGTACTCTAGAGTTTTG GTCACAGAAACAGACATTCTATTCCCACACATATCATGAGATCTCAAAAC 
310 320 330 340 350 GAGATACTCAAATAGCCCATTTTTCTGTACTTAACTAATCTGTAGTATGT 
CTCTATGAGTTTATCGGGTAAAAAGACATGAATTGATTAGACATCATACA 
Flanking direct repeat 
360 370 380 390 400 
TTATACTTAGGTGGCAGTTTGTATAAAGGAAGCACTGGGACTTGTGACCG 
MTATGAATCCACCGTCAAACATATTTCCTTCGTGACCCTGAACACTGGC 
17 hp (2 mismatches) with nt 2423; present in BRY4C 
410 420 430 440 450 CACCCTCTAAGAATAAGAAAGTATTAAAAATATGGAACTCCCACGTATGT GTGGGAGATTCTTATTCTTTCATAATTTTTATACCTTGAGGGTGCATACA 
ORF begins 
460 470 480 490 500 
TACGTGAAGAAGAACAAGAGCCAGAAGTACGGAAAAGGGAGGGAGAGACC 
ATGCACTTCTTCTTGTTCTCGGTCTTCATGCCTTTTCCCTCCCTCTCTGG Homologous blocks to BCYl lc underlined upper strand 
510 520 530 540 550 
AAAGAAGTAGATGATGATGATGATGAAGTGATCTTGGTTGGAGTGGAACA 
TTTCTTCATCTACTACTACTACTACTTCACTAGAACCAACCTCACCTTGT 42 hp adjacent Direct Repeats, 11 mismatches underlined lower strand 
560 570 580 590 600 
TGGAAATGAAGATGCTGACGTGATCTTTGTTGGGATGAGCTCAGCTTCAA 
ACCTTTACTTCTACGACTGCACTAGAAACAACCCTACTCGAGTCGAAGTT 
I i 
• . 
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61 0 62 0 63 0 640 650 
AACCAGTCGTTTCAAACATACTGAACAGAGATACCCCAGGTTCTTATTCA 
TTGGTCAGCAAAGTTTGTATGACTTGTCTCTATGGGGTCCAAGAATAAGT 
660 67 0 680 69 0 700 
AGGAGAAAAAGGTGTGGTCACTTCAGGAGAGGTAACGCTCACAGATTACA 
TCCTCTTTTTCCACACCAGTGAAGTCCTCTCCATTGCGAGTGTCTAATGT 
710 720 730 740 75 0 
GCCTGTTAGTCATGTGACTCCTACATCAGAAGCAAAGACTGTCTTGCCAG CGGACAATCAGTACACTGAGGATGTAGTCTTCGTTTCTGACAGAACGGTC 
760 770 780 790 800 TGTCTGACTCTGACTCAAGATCAACAGGTAGTCCTATTATTATTGAATCT 
ACAGACTGAGACTGAGTTCTAGTTGTCCATCAGGATAATAATAACTTAGA 
810 820 830 840 850 CCGTCTCAAGCTGATTATAAAAATCTTTCACCACAAATAGTGCCTGATGG GGCAGAGTTCGACTAATATTTTTAGAAAGTGGTGTTTATCACGGACTACC 
860 870 880 890 900 CTTTTCGAAGGAGTTATGTTCTTCTTTGATTACCTTCACAAGGTCATTGC GAAAAGCTTCCTCAATACAAGAAGAAACTAATGGAAGTGTTCCAGTAACG 
BCYlla homology begins 
910 920 930 940 950 AGCATCCAGTAGAAACAGCAGTTTCTGCAGGAGATATGAATAAAAGTCCT 
TCGTAGGTCATCTTTGTCGTCAAAGACGTCCTCTATACTTATTTTCAGGA (149 mismatches, 88% nucleotide identity) BCYlla ORF begins 
960 970 980 990 1000 CATGTATCAAAGCGAGTTTCCCCTTGTGAAACAAATCGCAGAAATCCCAG GTACATAGTTTCGCTCAAAGGGGAACACTTTGTTTAGCGTCTTTAGGGTC (80% amino acid identity) 
1010 1020 1030 1040 1050 
AAGGCCTAAACTCAGTGATGGCATTGTCGGGGAACATTCTTTAGGTTTCT 
TTCCGGATTTGAGTCACTACCGTAACAGCCCCTTGTAAGAAATCCAAAGA 
1060 1070 1080 1090 1100 CCCCGTCACGTTTTTTTCATACAGAGACCACTCAGCAAAGCACACCAGAC GGGGCAGTGCAAAAAAAGTATGTCTCTGGTGAGTCGTTTCGTGTGGTCTG 
1110 1120 1130 1140 1 15 0 CGTGTCCATACCTCACTAAGCCATGTTCAGAATGGAGAACCTTGTCCAAC GCACAGGTATGGAGTGATTCGGTACAAGTCTTACCTCTTGGAACAGGTTG 
1160 1170 1180 1190 1 20 0 ACCTTTTCCAAAGGACAGTGTTCATTGCAAGCCTGTAAGACCTTTAGGGG 
TGGAAAAGGTTTCCTGTCACAAGTAACGTTCGGACATTCTGGAAATCCCC 
GRYlA homology begins as a RF 
(Appendix 4 continued) 
1210 1220 123 0 1240 1250 AAAGTGGACGGACAAAAACTGATTTTCCAAGTTTGGCAAGTC CAAACAAA 
TTTCACCTGCCTGTTTTTGACTAAAAGGTTCAAACCGTTCAGGTTTGTTT 
1260 12 7 0 1280 129 0 13 00 ATTGGTGATCCCACAGAAGGAAATCTGATTGTGTTACTTCATGACTTCTA 
TAACCACTAGGGTGTCTTCCTTTAGACTAACACAATGAAGTACTGAAGAT 
1310 1320 1330 1340 1350 CTATGGCGAGCATGGAGGAGTTGGGCAGCCAGAAGCGAAGACCCACACCG GATACCGCTCGTACCTCCTCAACCCGTCGGTCTTCGCTTCTGGGTGTGGC 
1360 1370 1380 1390 1400 CGTTTAAATGCCTCAGCTGCTTGAAAGTTCTAAAAAATGTCAAGTTTATG GCAAATTTACGGAGTCGACGAACTTTCAAGATTTTTTACAGTTCAAATAC 
1410 1420 1430 1440 1450 
AATCACATGAAGCACCATTTGGAACTTGAGAGGCAGAGAGGTGACAGCTG 
TTAGTGTACTTCGTGGTAAACCTTGAACTCTCCGTCTCTCCACTGTCGAC 
1460 1470 1480 1490 1500 GAAAACCCACACCACCTGCCAGCACTGCCTCCGCCAGTTTCCTACTCCCT CTTTTGGGTGTGGTGGACGGTCGTGACGGAGGCGGTCAAAGGATGAGGGA 
Putative zinc-binding domain begins 
1510 1520 1530 1540 1550 
TCCAGCTGCAGTGTCACATTGAAAGTGTCCACACGGCCCAGGAGCCCTCC 
AGGTCGACGTCACAGTGTAACTTTCACAGGTGTGCCGGGTCCTCGGGAGG 
1560 1570 1580 1590 1600 GCAGTCTGTCACATCTGTGAGTTGTCCTTTGAGACAGATCAGGTTCTCTT CGTCAGACAGTGTAGACACTCAACAGGAAACTCTGTCTAGTCCAAGAGAA 
1610 1620 1630 1640 1650 
AGAGCACATGAAAGACAATCATAAGCCTGGTGAAATGCCCTATGTATGCC 
TCTCGTGTACTTTCTGTTAGTATTCGGACCACTTTACGGGATACATACGG 
1660 1670 1680 1690 1700 AGGTTTGCAGTTACAGATCATCATTTTTTGCAGATGTGGATGCACATTTC 
TCCAAACGTCAATGTCTAGTAGTAAAAAACGTCTACACCTACGTGTAAAG 
1710 1720 1730 1740 1750 AGAGCATACCATGGTAACACCAAGAATTTACTTTGCCCGTTTTGTCTCAA 
TCTCGTATGGTACCATTGTGGTTCTTAAATGAAACGGGCAAAACAGAGTT 
1760 1770 1780 1790 1800 AATTTTTCAAACTGCAACAGCATACAGACGTCATCATCGAGGGCACTGGG 
TTAAAAAGTTTGACGTTGTCGTATGTCTGCAGTAGTAGCTCCCGTGACCC 
2.35 
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1810 1820 1830 1840 185 0 AAAAGAGTTTTCACCAGTGTTCCAAATGTCGGCTACAGTTTTTAACTACC 
TTTTCTCAAAAGTGGTCACAAGGTTTACAGCCGATGTCAAAAATTGATGG 
1860 1870 1880 189 0 1900 
AAAGAGGAGAGGGAGCACAAGACCCAGTGTCATCAAATGTTTAAGAAGCC 
TTTCTCCTCTCCCTCGTGTTCTGGGTCACAGTAGTTTACAAATTCTTCGG 
Putative zinc-binding domain ends 
1910 1920 1930 1940 195 0 TAAGCAGCTAGAAGGATTGTCTCCTGAAACAAAAATTTTTATTCAAGTAT ATTCGTCGATCTTCCTAACAGAGGACTTTGTTTTTAAAAATAAGTTCATA 
1960 1970 1980 1990 20 00 CAATGGAACCCCTTCAGCCAGGATTGGTGGAAGTTGCATCCGTTACTGTG GTTACCTTGGGGAAGTCGGTCCTAACCACCTTCAACGTAGGCAATGACAC 
2010 2020 2030 2040 2050 
AACACATCTGATTTTGAATCATCACCCCCCAAATCTAAAAGGAGGAGGTC 
TTGTGTAGACTAAAACTTAGTAGTGGGGGGTTTAGATTTTCCTCCTCCAG 
2060 2070 2080 2090 2100 AAAAAAAGAAAAATAATAGTTAATTCTGCCTTCAGTAAGTCTGAAGCAAG TTTTTTTCTTTTTATTATCAATTAAGACGGAAGTCATTCAGACTTCGTTC OYll.1 ORF ends; BCYlla & GRYlA ORFs end at similar positions 
2110 2120 2130 2140 2150 
TATTTCAGTCAAAGTTAAAAATCCCATTAAAAACCAAAAGATCAACTTAT 
ATAAAGTCAGTTTCAATTTTTAGGGTAATTTTTGGTTTTCTAGTTGAATA 
2160 2170 2180 2190 2200 
AGCATTATTCAATAATATCAAATATAGGGAAACCGATGGGTAATTTATGT 
TCGTAATAAGTTATTATAGTTTATATCCCTTTGGCTACCCATTAAATACA BCYlla homology ends 
2210 2220 2230 2240 2250 
GATTTTGTTTTAAATAGAGGAAGTACAGTTTTGTTTGATCTTCATATTGA CTAAAACAAAATTTATCTCCTTCATGTCAAAACAAACTAGAAGTATAACT 
2260 2270 2280 2290 2300 GCTGCTATTTAAAAATCTATGATCTGTTTTTCGTGTAATTGTCTTAACAT 
CGACGATAAATTTTTAGATACTAGACAAAAAGCACATTAACAGAATTGTA 
2310 2320 2330 2340 235 0 GTAAAAAGGATGTGTGCATGTGTGTGTGAGAGAGAGAGAATGAGAGAAGT 
CATTTTTCCTACACACGTACACACACACTCTCTCTCTCTTACTCTCTTCA 
15 bp 
2360 2370 2380 2390 24 00 GGAGAAAGGAAAAGTAAGAACCTATTTTGGTATTTGATGTTACTTGTAAG 
CCTCTTTCCTTTTCATTCTTGGATAAAACCATAAACTACAATGAACATTC 
Inverted Repeat with nt 3615, 1 mismatch; Present in BRY4C & GRYlA 
2.36 
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2410 2420 2430 2440 2450 
TTCGAAAGCTCTCCTATACATATAATCTGTAGAGTGTTTTAGCAACGTAA 
AAGCTTTCGAGAGGATATGTATATTAGACATCTCACAAAATCGTTGCATT 
RDF insertion site in BRY 4C Flanking direct repeat, 17 bp 
2460 2470 2480 2490 2500 
TTTTGAAGTGTTTTCATGCCTTGCAGATCTCAGTATCAGCTATATAGCCA 
AAAACTTCACAAAAGTACGGAACGTCTAGAGTCATAGTCGATATATCGGT (2 mismatches) with nt 336; Present in BRY4C & GRYlA. 
2510 2520 2530 2540 2550 GATTTGAATGTCACTTTCTGAAGTGCCTCTTGGGCTGATCTAAGATAACC 
CTAAACTTACAGTGAAAGACTTCACGGAGAACCCGACTAGATTCTATTGG 
2560 2570 2580 2590 2600 
TGGCTCTGAAAGCGTGCAGTGGAGGTTGATGGAGAAGCTACGATGTGAGT 
ACCGAGACTTTCGCACGTCACCTCCAACTACCTCTTCGATGCTACACTCA 
2610 2620 2630 2640 2650 
TTGGACCAGACACGGGTTTTAATCAGTGAAGAGCTGTGCCTTCGTGTCCC 
AACCTGGTCTGTGCCCAAAATTAGTCACTTCTCGACACGGAAGCACAGGG 
2660 2670 2680 2690 2700 
AGCTGAAGAAGAGGCATACATTCACTGCAGGCACAGAGCCAAGGGAGAAG 
TCGACTTCTTCTCCGTATGTAAGTGACGTCCGTGTCTCGGTTCCCTCTTC 
2710 2720 2730 2740 2750 
GAACACTGTCTCAGAGTGCTTTTACCTAGCCCAGGGACATCTCAAGGAAG 
CTTGTGACAGAGTCTCACGAAAATGGATCGGGTCCCTGTAGAGTTCCTTC 
2760 2770 2780 2790 2800 CCAGCCGTTAAAATGCCTGTGTTTGGTGAGAGACCCTGGCGAGCATGAAG 
GGTCGGCAATTTTACGGACACAAACCACTCTCTGGGACCGCTCGTACTTC 
2810 2820 2830 2840 2850 CAGGCCCTGTGTAGCACTGACTGCAGTTGGAGAAGCAGAGATAGTTAATG 
GTCCGGGACACATCGTGACTGACGTCAACCTCTTCGTCTCTATCAATTAC 
2860 2870 2880 2890 2900 AGACCTGGTGCCTGTGGACCTCCTGTTGAGTGATCAAAAGGGGAATTTGA 
TCTGGACCACGGACACCTGGAGGACAACTCACTAGTTTTCCCCTTAAACT 
2910 2920 2930 2940 2950 
TTCATTCTGTCCCCTTTCCCATTTGGCTGGCCTGTAGTCACAGTGAGGTC 
AAGTAAGACAGGGGAAAGGGTAAACCGACCGGACATCAGTGTCACTCCAG 
2960 2970 2980 2990 3000 GGCATATCTGTGTCAGACACAGTAGCAAAGCAAGTTAAAATTCCCAAAGG 
CCGTATAGACACAGTCTGTGTCATCGTTTCGTTCAATTTTAAGGGTTTCC 
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(Appendix 4 continued) 
3010 3020 3030 3040 3050 
AAAAAGAGCCTTGACGTCCACTTTGATTTGCGCTGGACCCATAGTTGTAG 
TTTTTCTCGGAACTGCAGGTGAAACTAAACGCGACCTGGGTATCAACATC 
3060 3070 3080 3090 3100 
CTGAAAAGGATCAAACAGAGGAAATCTGTTCAGCTTTTGAATTGGGCTAA 
GACTTTTCCTAGTTTGTCTCCTTTAGACAAGTCGAAAACTTAACCCGATT 
3110 3120 3130 3140 3150 
ATTGAGTTCTCTTACCCTTAAGCTACAGTGGAGTTGTCCAAGAATCGTAA 
TAACTCAAGAGAATGGGAATTCGATGTCACCTCAACAGGTTCTTAGCATT 
3160 3170 3180 3190 32 00 
ATATAGTGGACAAAAATAGTCCAGGGTGATTAAAGCCTTTTTGGAACTCT 
TATATCACCTGTTTTTATCAGGTCCCACTAATTTCGGAAAAACCTTGAGA 
3210 3220 3230 3240 3250 
TGCTCCCATTTTCCAGTTACATGTGTCTTACCCGATTTGACCATGTGAAG 
ACGAGGGTAAAAGGTCAATGTACACAGAATGGGCTAAACTGGTACACTTC 
3260 3270 3280 3290 3300 
ATTTCGGTTCTGTATCTTATCTTGCCTTGGACACAAATGTAGTACAGTTA 
TAAAGCCAAGACATAGAATAGAACGGAACCTGTGTTTACATCATGTCAAT 
3310 3320 3330 · 3340 3350 
ACAGCTAATTCTTTGCGTGTGTAATTTCCCATTGTATCAAACTAATTGAG 
TGTCGATTAAGAAACGCACACATTAAAGGGTAACATAGTTTGATTAACTC 
3360 3370 3380 3390 3400 
TTTCCGTCTTTCTTGACACAGTCTGATGTGCAAGAATTGTCTCATGTATT 
AAAGGCAGAAAGAACTGTGTCAGACTACACGTTCTTAACAGAGTACATAA 
3410 3420 3430 3440 3450 
TCAGTAATTATCAGGTCATAGAGTTATCCTTCCTCTAATGTATCCAACCA 
AGTCATTAATAGTCCAGTATCTCAATAGGAAGGAGATTACATAGGTTGGT 
3460 3470 3480 3490 3500 
TCTAATCTGTGATTATACTTGTGGAAACCTTCTTTCTTGCGGTCTCCAAG 
AGATTAGACACTAATATGAACACCTTTGGAAGAAAGAACGCCAGAGGTTC 
3510 3520 3530 3540 3550 
GGCTCTTTCACAGACCTGTGAGGTACCCTCTAAGTATTGGTTCCTGAACA 
CCGAGAAAGTGTCTGGACACTCCATGGGAGATTCATAACCAAGGACTTGT 
3560 3570 3580 3590 3600 
TCAGCACACTTGGCTGCCTCTGTAGGTTCTTGGAATTGAGTCTCCTCCTG 
AGTCGTGTGAACCGACGGAGACATCCAAGAACCTTAACTCAGAGGAGGAC 
(Appendix 4 continued) 
3610 3620 3630 3640 3650 
CAGTTGAATGTCACCCCTTCTCCACTTCTGGCACGGATACCTAGCAATCT 
GTCAACTTACAGTGGGGAAGAGGTGAAGACCGTGCCTATGGATCGTTAGA 
15 bp Inverted Repeat with nt 2345, 1 mismatch; 
3660 3670 3680 3690 3 700 
CTGTGCACCATTCCAGGAAGCTGGGATCCTGTCTGTAGACCTATGCCAGG 
GACACGTGGTAAGGTCCTTCGACCCTAGGACAGACATCTGGATACGGTCC 
Present in GRYlA only. 
3710 3720 3730 3740 375 0 
AGCAACTCTCCGTTTCCTCTTCCTTTCTCCTCCTCTTTGTCTCTCGCCAC 
TCGTTGAGAGGCAAAGGAGAAGGAAAGAGGAGGAGAAACAGAGAGCGGTG 
3760 3770 3780 3790 3800 
TCTCCCCAGGCCTCAGTTTCTTTAAGTCCTCTAAGCTTTCACAAAATGCT 
AGAGGGGTCCGGAGTCAAAGAAATTCAGGAGATTCGAAAGTGTTTTACGA 
BRY 4C & GRYlA sequences end Hind III 
3810 3820 3830 3840 3850 
GGAAAGAGATCATCACCAAGCGGTTAGCATCCTTCTCAGAACTGAAGAGG 
CCTTTCTCTAGTAGTGGTTCGCCAATCGTAGGAAGAGTCTTGACTTCTCC 
3860 3870 3880 3890 3900 
AAGGACTACAGATGATGAAGCTGTAGTGAATCTGTTGTCTCCATTTTAGG 
TTCCTGATGTCTACTACTTCGACATCACTTAGACAACAGAGGTAAAATCC 
3910 3920 3930 3940 3950 
TAATTTCGTGAGTGTAAATTCAAATTCAAATAAATTGTGTTTATTTACTC 
ATTAAAGCACTCACATTTAAGTTTAAGTTTATTTAACACAAATAAATGAG 
3960 3970 3980 
AGAGCCTGATTGATTTATTTGCACTTTGAATTC 
TCTCGGACTAACTAAATAAACGTGAAACTTAAG 
OYll.1 ends EcoR I 
2.'39 
APPENDIX 5 : DNA SEQUENCE OF BCY9A 
10 20 30 40 50 
ATTCAGTTCAGTTGCTCAGAAATGTCCAACTTTTTGCAATGCCATGAAAT 
TAAGTCAAGTCAACGAGTCTTTACAGGTTGAAAAACGTTACGGTACTTTA 
60 70 80 90 100 
GAGTCAGGCTTCCCTGTTCATCACCAACTCCCGGAGCTTGCTCAAACTCA 
CTCAGTCCGAAGGGACAAGTAGTGGTTGAGGGCCTCGAACGAGTTTGAGT 
BLV cellular DNA homology underlined upper strand; Inverted Repeat with 
110 120 130 140 150 
TGTCCATCGAAGTCAGTGATGCCATCCAACCATCTCATCCTCTGTCGTAT 
ACAGGTAGCTTCAGTCACTACGGTAGGTTGGTAGAGTAGGAGACAGCATA 
nt 64 7 (13 mismatches, 79% identity) underlined lower strand. 
160 170 180 190 200 
CTGGTCCCATCACTTCACGGCAAATAGATGGGGAAACATGGAAACAGTGG 
GACCAGGGTAGTGAAGTGCCGTTTATCTACCCCTTTGTACCTTTGTCACC 
210 220 230 240 250 
CAGATTTTATGTTTTGGGGGCTCCAAAATCACTGCAAATGGTGACTGCAG 
GTCTAAAATACAAAACCCCCGAGGTTTTAGTGACGTTTACCACTGACGTC 
260 270 280 290 300 
CCATGAAATTAAAAGATGCTTGCTCCTTGGAAGAAAAACTATGATCAACA 
GGTACTTTAATTTTCTACGAACGAGGAACCTTCTTTTTGATACTAGTTGT 
art2(#3) begins (120 mismatches, 77% identity) 
310 320 330 340 350 
TAGACAGCAAATTAAAAAGCAGAGACATTACTTTGCAGATAAAAGTCTGT 
ATCTGTCGTTTAATTTTTCGTCTCTGTAATGAAACGTCTATTTTCAGACA 
360 370 380 390 400 
ACAGTCAAAGCTATGATTTTTCCAGTAGTCATATATAGATGTGAGAGTTG 
TGTCAGTTTCGATACTAAAAAGGTCATCAGTATATATCTACACTCTCAAC 
410 420 430 440 450 
GAGCATCAAGAAGGCTGAGCACTGAAGAAATGATGCTTTTGAACTGTGGT 
CTCGTAGTTCTTCCGACTCGTGACTTCTTTACTACGAAAACTTGACACCA 
Reading Frame region begins Begin OY9 homology 
460 470 480 490 500 
GTTGGAGAAGACTCTCGAGTCCCTTGGCCTGCAAGGAGATCAAACCAGTC 
CAACCTCTTCTGAGAGCTCAGGGAACCGGACGTTCCTCTAGTTTGGTCAG 
at nt 7741 (115 mismatches, 67% identity) 
510 520 530 540 550 
AATCCTAAAGGAAATCAGTACTAAATATTCATTGGAAGGACTCACGGTGA 
TTAGGATTTCCTTTAGTCATGATTTATAAGTAACCTTCCTGAGTGCCACT 
c BCY9b homology begins (62 mismatches, 77% identity) 
560 570 580 590 600 
AGGTCTAATACTTTGGCCACCTGATGCAAAGAGCTGACTCACAGGAAAAT 
TCCAGATTATGAAACCGGTGGACTACGTTTCTCGACTGAGTGTCCTTTTA 
240 
(Appendix 5 continued) 
610 620 630 640 650 
ACTCTGATGCTGGGAAAGACTGAAGGCAAAAGAAGAAGGGGGCAGTAGAG 
TGAGACTACGACCCTTTCTGACTTCCGTTTTCTTCTTCCCCCGTCATCTC 
660 670 680 690 700 
AATGAGATGGTTAGATAGCATTACCGACTCAATTGACATGATGAATTTGA 
TTACTCTACCAATCTATCGTAATGGCTGAGTTAACTGTACTACTTAAACT 
Inverted Repeat with nt 85 
710 720 730 740 750 
GCAAACTGGAAGACAGTGAAGGATAGAGGAGCCTGGCATGCTGAAACCCC 
CGTTTGACCTTCTGTCACTTCCTATCTCCTCGGACCGTACGACTTTGGGG 
Begin BCYl0b (left repeat, 76% identity) 
760 770 780 790 8 00 
TGGGGTCACAAAGAATTGGACACCACTTAGCGACAGAACAATAGTTATAA 
ACCCCAGTGTTTCTTAACCTGTGGTGAATCGCTGTCTTGTTATCAATATT 
art2(#3) ends BCYl0b ends End OY9 & BCY9b 
810 820 830 840 85 0 
AATAGGTAACTCCTGAGGATATAAGCTACAGCAGCATAGTGACTACAGAT 
TTATCCATTGAGGACTCCTATATTCGATGTCGTCGTATCACTGATGTCTA 
homology End Reading Frame 
860 870 880 890 900 
GACAATACTGTACTGCATATTTGAAAGTTGCTAGGAGAGTAGACGGAGAA 
CTGTTATGACATGACGTATAAACTTTCAACGATCCTCTCATCTGCCTCTT 
Flanking Direct Repeat BCYlOb 
910 920 930 940 950 
GGCAATGGCATCCCACTCCAGTACTCTTGCCTGGAAAATCCCATGGATGG 
·ccGTTACCGTAGGGTGAGGTCATGAGAACGGACCTTTTAGGGTACCTACC 
begins (right repeat, 85% identity) 
960 970 980 990 1000 
AGGAGCCTGGTAGACCGCCGTCCATGGGGTCGCTGGGAGTCGGGCACGAC 
TCCTCGGACCATCTGGCGGCAGGTACCCCAGCGACCCTCAGCCCGTGCTG 
Recombination Junction underlined 
1010 1020 1030 1040 1050 
TGAAGCGACTTAGCAGCAGCAGCAGGAGAGTAGAACTTAAAAGTTCCCAT 
ACTTCGCTGAATCGTCGTCGTCGTCCTCTCATCTTGAATTTTCAAGGGTA 
upper strand BCYl0b ends Flanking Direct Repeat 
1060 1070 1080 1090 1100 
CACAATAAAAAATTTTGTGACTAAGCATAGTGATGAATGTTAACAGACTA 
GTGTTATrTTTTAAAACACTGATTCGTATCACTACTTACAATTGTCTGAT 
1110 1120 1130 1140 1150 
TTGTGATAATTATTTTGCAATATATACAAATGTATACAAAATATTCAGTC 
AACACTATTAATAAAACGTTATATATGTTTACATATGTTTTATAAGTCAG 
1160 1170 1180 1190 1200 
TTTATGTTGTACACCTGGAACTP.ATATAATAATATATGTCAATTTTACTT 
AAATACAACATGTGGACCTTGATTATATTATTATATACAGTTAAAATGAA 
ii 
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(Appenhix 5 continued) 
1210 1220 1230 1240 1250 
CAACTGAAAATGAAGTTAAAGATCTTGAGAGGGGAAGATTAGATTATTTC 
GTTGACTTTTACTTCAATTTCTAGAACTCTCCCCTTCTAATCTAATAAAG 
1260 1270 1280 1290 1300 
GGATTATTTAGATGAGCCCAAAATATTCACAGGAATCTTTATAAGGATAA 
CCTAATAAATCTACTCGGGTTTTATAAGTGTCCTTAGAAATATTCCTATT 
1310 1320 1330 1340 1350 
GAAGAAGGCAGAAAAGTTAGTCAGAAGAAGATTTGGTGATGCTATGTTGC 
CTTCTTCCGTCTTTTCAATCAGTCTTCTTCTAAACCACTACGATACAACG 
1360 1370 1380 1390 140 0 
TGGATTTGAAGATGGAAGAAAGGGCTCTGAGCCAATGAATGCAGGGAGCC 
ACCTAAACTTCTACCTTCTTTCCCGAGACTCGGTTACTTACGTCCCTCGG 
1410 1420 1430 1440 1450 
TCTAGAAGCTAAAAAAGGCAAGAAAAAGAGTCCCTTCTAGAGTCTAAGGT 
AGATCTTCGATTTTTTCCGTTCTTTTTCTCAGGGAAGATCTCAGATTCCA 
1460 1470 
AGAGCCACATAATTAAAAAGGG 
TCTCGGTGTATTAATTTTTCCC 
242 
APPENDIX 6 : DNA SEQUENCE OF BCY9B 
10 20 30 40 50 
TGATCTTACTCTAGATAATCTGTCTAGAGCTATTATTACACTGATTAAGC 
ACTAGAATGAGATCTATTAGACAGATCTCGATAATAATGTGACTAATTCG 
60 70 80 90 100 
TGGATATGTGCTAAATCAATCCTGAATATTGACTGGAAGGAATGATGCTG 
ACCTATACACGATTTAGTTAGGACTTATAACTGACCTTCCTTACTACGAC 
OY9, art2(#3), BCY9a homologies begin (39 mismatches, 
110 120 130 140 150 
AAGCTCCAATACTTTGGCCACATGATGTGAAGAGCCGATTCTCTGGAAAA 
TTCGAGGTTATGAAACCGGTGTACTACACTTCTCGGCTAAGAGACCTTTT 
85% identity with art2(#3); 62 mismatches, 76% identity with BCY9a) 
160 170 180 190 200 
GACCCTGTGCTGGGAAAAGACTGAAGGCAGGAGGAGAAGGGGACAACAGA 
CTGGGACACGACCCTTTTCTGACTTCCGTCCTCCTCTTCCCCTGTTGTCT 
210 220 230 240 250 
GGATGAAATGGTTGGATGGTATCACCGACTCAACGGACATGAGTTTGAGC 
CCTACTTTACCAACCTACCATAGTGGCTGAGTTGCCTGTACTCAAACTCG 
SV40 integrated DNA of unknown origin underlined 
260 270 280 290 30 0 
AAGCTCCAGGAGATGGTGATGGACAGGGAAGCCTGGGGTGCTGCAGTCCG 
TTCGAGGTCCTCTACCACTACCTGTCCCTTCGGACCCCACGACGTCAGGC 
upper strand; Homolgous sequence amongst ruminant SINEs underlined 
310 320 330 340 350 
TGGGGTGGCAAAGAGTCGGACATGACTCAACGACAACACTGAGCTAAAGT 
ACCCCACCGTTTC~CAGCCTGTACTGAGTTGCTGTTGT~CTCGATTTCA 
lower strand art2(#3) ends BCY9a & OY9 end 
360 370 380 390 400 
TCAATCTATGAATATTTCAAAAAAACACTTCCCTAAGGTATGCACATAAA 
AGTTAGATACTTATAAAGTTTTTTTGTGAAGGGATTCCATACGTGTATTT 
410 420 430 440 450 
AGAGGCAGGGGCGTGTCTACCTGCTCTCCAATTAGGTACCAAAACCTCGC 
TCTCCGTCCCCGCACAGATGGACGAGAGGTTAATCCATGGTTTTGGAGCG 
460 470 480 490 500 
TGTCTGTGCAGCATCTGCAGGTCAGAGACGTGCACTCGGAGGGCTCGCAG 
ACAGACACGTCGTAGACGTCCAGTCTCTGCACGTGAGCCTCCCGAGCGTC 
510 520 
GGGTGGACTCGCATACGTTATAGGG 
CCCACCTGAGCGTATGCAATATCCC 
